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ABSTRACT 
Years of data collection at the bases of 130 lake watersheds in Iowa have enabled us 
to study the relationships between nutrient concentrations and land use/land cover, as well as 
to measure the fluxes of key nutrients through hydrologically-linked agroecosystems within 
the landscape. These ecosystems are dominated by cropland and intensively managed fields 
with high nutrient export coefficients. Satellite image-derived land cover maps, digital 
elevation maps and soil mapping units were interpreted and manipulated using geographic 
information software. We evaluated the relationships between landscape characteristics and 
lake water quality in Iowa (USA) by regressing four lake water quality responses on 
landscape variables that were measured for whole watersheds and for three different buffer 
distances. The response variables were total nitrogen (TN- the combination of dissolved 
inorganic and organic nitrogen, particulate organic inorganic nitrogen), total phosphorus (TP 
– includes all forms, dissolved and particulate reactive as well as dissolved and particulate 
unreactive phosphorus), chlorophyll-a (Chl-a) and Secchi transparency (SD). We developed 
regression models with a stepwise protocol selecting significant explanatory variables. We 
tested hypotheses concerning the influence of watershed composition and configuration on 
the water quality. The models predicted between 15 and 67 percent of the variability of the 
response variables. Configuration variables were very important regardless of scale. Spatially 
explicit data improved the statistical power of the whole watershed models for variables TN, 
Chl-a and SD, but not for TP. 
 
5CHAPTER 1.  GENERAL INTRODUCTION 
 
Introduction 
Degradation of water quality is a critical issue in regions dominated by agriculture 
(Humenik et al, 1992). The growing threat from nutrient pollution has been identified as an 
outstanding problem in the world (MEA, 2005 at www.millenniumassessment.org/en/ 
BoardStatement.aspx). At the 4th World Water Forum in Mexico in 2006, along with sectors 
such as energy, health and biodiversity, agriculture was listed among the main water 
challenges due to the central role of water and water pollution from agrochemicals (World 
Water Forum, 2006). In recognition of these facts, water quality has been subject to 
increasingly stringent regulation of nutrients in the US (US Environmental Protection 
Agency, 1972, 1976, 1998).  
The quality of surface water in agricultural basins is often degraded by inputs of 
excess nutrients and sediment loading (Johnson et al. 1997). A number of studies indicate 
that agriculture is a major source of nutrients in receiving waters (e.g. Likens and Bormann, 
1974; Howarth, 1996; Downing et al., 1999). Two nutrients, nitrogen (N) and phosphorus (P) 
have been identified as the leading cause of freshwater degradation (Biggar and Corey, 1969; 
Aldrich, 1972; Schindler, 1977; US EPA, 1996; Carpenter et al. 1998). Excess inputs of these 
nutrients may lead to cultural eutrophication, harmful algal blooms and economic losses 
(Haertel, 1976; Schindler 1990). Nationally recognized problems such as hypoxia in the Gulf 
of Mexico are linked to nutrient inputs from agricultural regions in the Mississippi River 
watershed (Kaiser, 1996; Turner and Rabalais, 2003).  
The impact of agricultural activities on receiving waters has been documented and 
studied extensively, however there is still considerable uncertainty about how the impacts 
6can be mitigated without compromising the economical viability of agricultural production. 
Given that nutrient inputs are major factors that contribute to water quality degradation and 
because agricultural lands are an important source of nutrients, it is important to understand 
the relationships that exist between the composition and configuration of agricultural 
landscapes and nutrient concentrations in receiving waters. 
The state of Iowa lies in one of the most agriculturally productive regions of the 
world, known as the Corn Belt. This is a region of the Midwest of the United States where 
corn is the predominant cash crop. Primarily, it includes Iowa, Indiana, Illinois, and Ohio, 
and also includes parts of South Dakota, Nebraska, Kansas, Minnesota, Wisconsin, 
Michigan, Missouri, and Kentucky. Iowa produces some of the highest yields worldwide 
(FAOSTAT, 2004; USDA, 2006). This is possible in part due to existing natural conditions 
such as good soils, favorable climate as well as capital-intensive agricultural practices (i.e. 
mechanization and fertilizer applications). Out of the total land area of 14 574 300 ha in the 
state of Iowa, farmland was 12 869 003 ha in 2002, and acreage for principal crops was 10 
040 250 hectares of (USDA, 2002). According to a survey done in 19 corn producing states, 
nitrogen fertilizer was applied at a rate of 128 kg ha-1 to 95% of the acreage in 2002 (USDA, 
2003). Phosphorus fertilizer was applied at a rate of 57 kg ha-1 during the same period 
(USDA, 2003). Given the acreage to total area ratio, and the rates of fertilizer application, it 
is reasonable to expect high levels of nutrient export from agricultural fields in Iowa 
watersheds to receiving waters. 
Iowa is home to lakes with some of the highest nutrient concentrations in the world 
(Downing and McCauley, 1992; Hatch, 1992; Bachmann et al., 1994). Studies that link 
watershed composition to nutrient export have suggested that rates of supply rise 
monotonically with the fraction of the watershed in agricultural land use (Dillon and 
Kirchner, 1975; Hill, 1978; Mason et al., 1990; Correll et al., 1992; Jordan et al., 1997). 
7These studies imply that large-scale reductions in nutrient supply to waters would require 
large-scale decreases in the amount of land in agricultural use (Jones et al., 2001).  
On the other hand, empirical evidence and watershed models indicate that spatially 
explicit data are needed to more accurately predict nutrient pathways from source areas to 
water bodies (Alexander et al., 2002; Gergel, 2005). Studies focused on measures of 
composition (Gergel et al., 2002) fail to address the question of where critical land uses occur 
within watersheds. Configuration, i.e., landscape pattern, is viewed as an important factor in 
water chemistry (Johnson et al., 2001). Therefore, to provide more accurate predictions of 
nutrient concentrations in receiving water bodies, it is necessary to quantify the role of 
composition and configuration of land use across whole watersheds as well as in lands in 
close proximity to water bodies. 
This thesis presents the theoretical background, the methods and results of a broad 
scale analysis of relationships between nutrient concentrations in lakes and landscape 
patterns in watersheds. This research focused on evaluating the role of landscape in 
determining nutrient concentrations in lakes by quantifying the role of watershed 
composition and configuration. 
Thesis Organization  
This thesis is organized into three chapters. Chapter 1 is a general introduction and a 
literature review. Chapter 2 is a manuscript to be submitted for publication in the Journal of 
Environmental Quality. It pertains to the integration of GIS into lake watershed analysis to 
quantify the importance of land use configuration in predicting water quality. General 
conclusions and suggestions for further research are presented in Chapter 3. 
Literature Review  
Agricultural production has changed significantly over the past decades. The areal 
extent of production and the impact on land converted to agriculture have increased 
8worldwide (FAO, 2006). Cropping systems have become more complex and mechanized, 
increasing amounts of fertilizers and chemicals are added (USDA, 2003). As a consequence 
of perturbation of the natural undisturbed conditions within watersheds and the application of 
fertilizer nutrients, the potential for soil erosion and nutrient export increased (Beaulac and 
Reckhow, 1982; Galloway et al., 1996; Govers et al., 1999; Lindstrom et al., 1992;). The 
alterations noted above result in water chemistry changes in receiving waters, impeding the 
potential use of surface water resources for drinking water supply, fisheries, recreation and 
irrigation (Pitois et al., 2001). Degradation of water quality is associated with excessive 
nutrient inputs (Johnson et al., 1997). In particular, two nutrients, nitrogen (N) and 
phosphorus (P) are implicated in the eutrophication, or nutrient enrichment of freshwater 
sources and coastal regions (Diaz and Rosenberg, 1995; Likens and Bormann, 1974; Nixon, 
1995; Turner and Rabalais, 1991). The conditions and factors that regulate eutrophication in 
temperate lakes have been studied extensively (Schindler and Fee, 1974; Schindler, 1990; 
Vadeboncoeur et al., 2003). Eutrophication in freshwater and marine waters leads to 
increased algae production, harmful algae blooms (HABs) and hypoxia (Smith, 1998; Smith 
and Bennett, 1999). In shallow prairie lakes, where the limiting nutrient is primarily 
phosphorus, these conditions favor nitrogen-fixing cyanobacteria (Haertel, 1976; Downing 
and McCauley, 1992). Some species produce neurotoxins, hepatotoxins and cytotoxins, 
which are harmful to humans and animals (Sivonen, 1996). 
The process of freshwater degradation, hypoxia, and HABs are enhanced by 
landscape alterations that increase supplies of N and P leaving agricultural watersheds and 
flow through freshwater systems into the sea (Turner and Rabalais, 2003). Both point and 
non-point sources contribute to nutrient fluxes, however non-point sources are more difficult 
to quantify and manage (Carpenter et al., 1998). Non-point sources have caused more 
concern; this is reflected in Section 303 of the 1972 Water Pollution Control Act and 
9subsequent amendments that require water quality standards and total maximum daily loads 
(TMDLs) on a state level (USEPA 1972). 
Undisturbed lands and well-vegetated watersheds characteristically retain nutrients 
most effectively, thus the export to surface water bodies is small (Correll et al., 1992). 
Nutrient exports per unit area are low from well-vegetated watersheds and exceptionally high 
from fields with seasonal crops, areas with high livestock densities, and urban areas (Osborne 
and Wiley, 1988). 
Aquatic systems that are located in agriculturally dominated watersheds generally 
receive high nutrient load (Smart et al., 1985). The pathways of nutrient transport that lead to 
high loads to receiving waters are well studied and documented. Soluble nutrient forms, such 
as nitrate (NO3-- N) may move vertically down the soil profile (David et al., 1997), or 
horizontally across or below the surface (surface runoff, subsurface runoff) (Jaynes et al., 
2001). Non-soluble forms, are typically bound to soil particles. These nutrient forms are 
removed from fields dominantly by surface runoff (Haygarth and Jarvis, 1997; Romkens et 
al., 1973) but may also move vertically in macropores (Geohring et al., 2001). 
In watersheds that are subject to perturbation, nutrient losses are increased by 
accelerated mineralization and nitrification, as well as lower vegetative uptake (Vitousek and 
Melillo, 1979; Robertson, 2000). This leads to excess nutrients that, if mobilized, are 
transported from fields in dissolved forms. Studies indicate that the transport of soluble 
nutrients like NO3--N from fields to surface waters is enhanced by subsurface drainage 
systems that are common across the Midwest Corn Belt (Zucker and Brown, 1998; McIsaac 
and Hu, 2004). Tile-drains serve as conduits for soluble forms of nutrients that move down 
the soil profile (David et al., 1997; Dils and Heathwaite, 1999). The areas within the 
Mississippi River watershed identified by Goolsby et al. (2001) as the primary sources of 
NO3--N to the Gulf of Mexico are those where corn production on artificially drained lands is 
prevalent.  
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The principal mechanisms of transportation of phosphorus exported from agricultural 
watersheds are surface runoff (Gascho et al., 1998), and to a lesser extent leaching (Geohring 
et al., 2001). Phosphorus in surface runoff is either dissolved or attached to sediment 
(particulate P). Studies have shown that most of the P that enters surface waters during 
intense storm events (> 7.6 mm hr-1) from non-point sources originated from a small area of 
the watershed (Pionke et al., 1997; Sharpley et al., 2001). Research has shown that P 
concentrations in runoff after fertilizer application may increase significantly (Sauer et al. 
2000). P associated with eroded soil particles is considered the primary form of P entering 
surface water bodies (Vaithiyanathan and Correll, 1992). Phosphate forms inner-sphere 
complexes with sesquioxides, which are considered irreversible and such P is not available 
for plant uptake (Dixon and Schulze, 2002). Drainage systems may reduce surface runoff and 
P transport to surface waters, but studies have shown that subsurface drainage may also result 
in high P loads (Sims et al., 1998). Other studies have measured temporary elevated P peaks 
in excess of 1 mg TP L-1 in drain-flow during high discharge periods (>10 L min-1) (Dils and 
Heathwaite, 1999).  
Aerial transport and deposition of nutrients can be of increased concern in terrestrial 
watersheds during dry and warm periods, especially in agricultural regions, where wind 
carries nutrient rich soils (Larsen et al., 2001; Newman, 1995). This can contribute to P 
loading from plowed fields (Cole et al., 1990) and to N loading from areas with high 
livestock density (Schlesinger and Hartley, 1992). A study by Bennett (1986) showed that 
NO3--N concentrations in Lake Superior have risen nearly six-fold since 1906. The source of 
NO3--N was most likely the agricultural and industrial region of the United States Midwest, 
at a distance of 600 kilometers. 
Internal loading in lakes is an important source of nutrient loading (Bates et al., 1980; 
Premazzi and Provini 1985; Vollenweider; 1976). Both P and N may re-enter the water 
column as a result of anoxic conditions in the hypolimnion (Lee et al., 1977), or if the 
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sediment is disturbed (Theis and McCabe, 1978). Such perturbation may be caused by biotic 
or abiotic factors. Internal loading may account for P loading of overlying waters that are 
comparable to external sources and cause error in these predictions. 
The loading of receiving waters from these sources results in water chemistry 
changes, has the potential to disrupt their ecological balance, limit the use of water for 
drinking or recreational purposes and pose health risks (Arbuckle and Downing, 2001; 
Carpenter et al., 1998; Klatt et al., 2003). N and P are the principal limiting nutrients in 
aquatic systems. Nutrient enrichment leads to shifts in community structure (Watson et al., 
1997) and trophic status. Therefore, an examination of the influence of landscapes on 
relationships between nutrient sources and pathways of transport of nutrients to surface water 
bodies is of importance.  
Empirical models describing relationships between external loading and lake trophic 
status are derived from observations made for a large number of lakes (Dillon and Rigler, 
1975; Vollenweider, 1975). These models establish relationships between loading rates and 
in-lake concentrations, and state that in-lake concentrations are a surrogate of loading rates. 
Nutrient concentrations measured in lakes are determined by input concentrations, and 
modified by various model terms. In the model developed by Dillon and Rigler (1975), P 
concentration is calculated from load, less losses (retention), divided by the product of lake 
volume times flushing rate. Loading is the sum of export from the watershed (non-point 
sources), loading from precipitation and other anthropogenic sources. The watershed 
component of loading is the calculated from the area times the export coefficient of each land 
use type. Similar models have been used extensively in lake management projects and 
reviewed in literature (Ahlgren et al., 1988; Bachman, 1984; Brown et al., 2000; Canfield 
and Bachman, 1981). 
There is general agreement that the watershed has an important role in determining 
the chemical and biological composition of surface waters (Duda, 1993; Likens and Bormann 
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1974; Schnippers et al., 2006; Soranno et al., 1996). Current theories suggest that there is a 
linear relationship between land use and nutrient export (Dillon and Kirchner 1975; Hill 
1978; Nearing et al., 1993). If true, then one should observe linear increases in average 
concentrations of nutrients at the terminal points of these watersheds as agriculture makes up 
a greater fraction of the watershed. Studies of watershed nutrient export have suggested that 
rates of supply rise monotonically with the fraction of the watershed in agricultural use 
(Correll et al., 1992, Jordan et al., 1997). Many of these studies are based on landscape-level 
indicators that have been formulated from empirical data. These indicators have been used to 
quantify the amount and proportion of land cover classes within watersheds (Meyer and 
Turner, 1994).  
Studies focused on measures of percent cover (Gergel et al., 2002) fail to address the 
question of where critical land uses occur within watersheds. These studies successfully 
addressed the importance of watershed composition, and found a strong association between 
the percent of agricultural land use within the watershed and nutrient export. However, such 
investigations do not take into account the role of watershed configuration and the proximity 
of terrestrial nutrient sources to water bodies. In general, greater emphasis has been placed on 
landscape indicators that are indicative of the whole watershed (McGarigal and Marks, 1995; 
Peterjohn and Correll, 1984), but not configuration (Gergel et al., 2005). These studies imply 
that large-scale reductions in nutrient supply to waters would require large-scale decreases in 
the amount of land in agricultural use. The consequences of a policy deriving from this 
prediction would be socially and economically disastrous for agricultural regions such as 
Iowa and the US Midwest (CENR, 2000).  
Early studies that point out the weakness of composition-only approaches recognize 
that areas subjected to runoff are spatial variable. Topography, geology, hydrologic features, 
and land use influence surface and subsurface transport mechanisms (Correll et al., 1992; 
Dillon and Kirchner, 1975). Water moved to streams up to five hundred times more rapidly 
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than subsurface flows where the water table intersected the surface (Dunne and Black, 1970).
Others have attempted to quantify land cover in riparian buffers around lakes (e.g., Richards 
et al., 1996; Johnson et al., 1997). Some have aimed to compare the utility of indicators 
applied at the watershed scale with those in the buffer zones (Harding et al., 1998; Norton 
and Fisher, 2000). The spatial heterogeneity of source areas and results from these studies 
indicated that other approaches are needed if the importance of spatial arrangement of critical 
source areas on the variability of water quality is to be captured. 
Contrary to the theory that suggest linearity between land use and in-lake nutrient 
concentrations, a number of studies have suggested that landscape configuration, the spatial 
arrangement of land use and the proximity of sources to water, may play an important role 
(Alexander et al., 2002; Osborne et al., 1988). Studies of nutrient losses from agricultural 
watersheds have shown that the export of nutrients is significantly higher, with greater spatial 
variability than that observed in forested watersheds (Omernik et al., 1981; Smart et al., 
1985). Results of a heuristic grid based surface flow watershed models that incorporated 
spatially explicit information to estimate loading have shown that the variability in loading 
among replicate landscapes was highest for watersheds with ~65 percent source areas 
(Gergel, 2005). This suggests the importance of accounting for spatial arrangement, i.e., the 
configuration of land cover in watersheds.  
Spatial configuration of watersheds is relatively more difficult to quantify than 
composition (Gustafson, 1998). Configuration measures have been developed for many uses 
(McGarigal and Marks, 1995) and can provide information about the spatial relationships 
between neighboring patches, such as connectivity or cohesion. Disturbed agricultural fields 
transport water and nutrients more rapidly than most other lands. This can be viewed in the 
context of classical percolation theory, which addresses questions about systems that are 
macroscopically open to a given phenomenon (Sahimi, 1994). The first percolation processes 
were developed by Flory (1941) and Stockmayer (1943). These processes explain the 
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interaction of small branching molecules and their transformation into macromolecules. 
Percolation theory was introduced into the field of mathematics to develop concepts about 
the spread of fluids through a random medium (Broadbent and Hammersley, 1957). 
Randomness is attributed to the fluid or the medium. In the latter, the medium dictates the 
possible pathways. If the medium is made up of regular lattice points, percolation occurs 
through bonds or sites within the lattice (Broadbent and Hammersley, 1957). Bonds/sites are 
either occupied, that is open to flow, or vacant.  
The probability of a bond or site being occupied is p. In a large network, if p is close 
to 1, the network is connected from the perspective of the observed phenomenon. At the 
percolation threshold of a random network, there is a transition from a macroscopically 
disconnected structure to a connected one. The percolation threshold is the critical fraction of 
lattice points that must be filled to create a continuous path of nearest neighbors from one 
side to another (Stauffer and Aharony, 1992). The behavior of the system close to the 
transition point is the focal interest of percolation theory.  
In an agricultural landscape, the regular lattice and the network of bonds and sites are 
represented by contiguous, adjacent fields. The percolation of materials through these 
networks may become more rapid and efficient as the fraction of the landscape composed of 
occupied bonds or sites (i.e., agricultural land) increases. In percolation theory, 
connectedness is inferred from patch density, that is, whether or not a spanning cluster or 
percolating cluster exists; i.e., a connection of patches of the same class that spans across the 
entire landscape (Gardner et al., 1987).  
Analyses of analogous networks of electrical conductivity indicate that the quantity of 
transport of nutrients should start rising rapidly above 60 percent agricultural lands as the 
connectivity of fields to streams becomes stronger (Sahimi, 1994). This is corroborated by 
results of simple watershed models that incorporated spatially explicit information to 
estimate loading, which have shown that the variability in loading among replicate 
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landscapes was highest for watersheds with ~65 percent source areas (Gergel, 2005). This 
indicates that configuration may be very important because the rise in nutrient concentrations 
resembles the predictions from percolation theory.  
If the relationships between spatial arrangement, proximity to water, and nutrient 
export are non-linear, and if it can be learned what aspects of spatial configuration account 
for the most variation in lake nutrient chemistry, it may be possible to determine small 
changes in watershed configuration that would likely result in large decreases in nutrient 
export. This is suggested by studies investigating the importance of landscape configuration 
in predicting water quality (King et al., 2005; Osborne et al., 1988; Tufford et al., 1998). 
Several studies have quantified the importance of land cover in riparian buffers around 
streams and lakes (Richards et al., 1996; Johnson et al., 1997), others have compared the 
utility of indicators applied at the watershed scale with those in the buffer zones (Harding et 
al., 1998; Norton and Fisher, 2000). Correll et al. (1992) found that riparian deciduous 
hardwood forests bordering cropland removed over 80 percent of the nitrate and total 
phosphorus in overland flows and about 85 percent of the nitrate in shallow groundwater 
drainage from cropland. In their study, Tufford et al. (1998) found that land close to the 
stream channel (<150m) was a better predictor of nutrient concentration than land away from 
the channel (>150). The land use change scenarios simulated in their study support the 
conclusion that management of surface water quality will be most effective with emphasis on 
riparian area. 
In spite of extensive work on watershed analysis, a number of uncertainties remain 
about the role of landscape composition and configuration in determining water quality. It 
may be important to understand not only the total area and percentage of the sources within 
the watershed, but also their spatial arrangement relative to possible flowpaths. The 
remainder of this thesis will present a GIS approach to the evaluation of composition and 
configuration components in a multiple regression framework. The objective is to help 
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identify possible pathways in formulating watershed design criteria required to maintain or 
enhance surface water quality of Iowa lakes and other surface waters in agriculturally 
dominated watersheds. 
Objectives 
This thesis has several objectives. The foremost general objective is to identify the 
characteristics of watershed configuration and composition that may explain differences in 
nutrient concentrations in lakes receiving effluent from 132 agriculturally-dominated 
watersheds.  
An ancillary objective of this work is to provide an overview of the GIS analysis of 
132 lake watersheds, aimed at determining runoff coefficients associated with land cover, 
slope and soil types. This thesis introduces the methodology of calculating runoff coefficients 
from different data sources and the utility of these indicators in answering the principal 
hypotheses posed here.   
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CHAPTER 2.  RELATIVE EFFECTS OF WATERSHED 
COMPOSITION AND CONFIGURATION: USING SPATIALLY 
EXPLICIT DATA TO MODEL LAKE WATER QUALITY IN 
AGRICULTURAL WATERSHEDS 
Zsolt Gemesi, John A. Downing, Richard M. Cruse and Paul F. Anderson 
A paper to be submitted to the Journal of Environmental Quality 
Abstract 
Lake water quality in agricultural regions reflects watershed composition and 
configuration. We analyzed and manipulated the satellite image-derived maps of 130 
watersheds in Iowa using geographic information software. We evaluated the relationships 
between landscape characteristics and lake water quality by regressing four water quality 
responses on landscape variables that were measured for whole watersheds and three 
different buffer distances (30, 60 and 120 m). Classical percolation theory was used to 
conceptualize nutrient pathways and to explain non-linear responses. The response variables 
were total nitrogen (TN), total phosphorus (TP), chlorophyll-a (Chl-a) and Secchi 
transparency (SD). We developed regression models with a stepwise protocol selecting the 
optimal number of significant explanatory variables. The whole watershed models predicted 
between 15 and 67 percent of the variability of the response variables. Configuration 
variables such as contagion, the cohesion of cropland and urban land, and the aggregation 
index of forest were very important and more important than composition variables. 
Proximally explicit data improved the statistical power of the whole watershed models for 
variables TN, Chl-a and SD, but not for TP.  
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Introduction 
The maintenance of water quality is a critical issue in regions dominated by 
agriculture and has been subject to increasingly stringent regulation of nutrients (USEPA, 
1998). Simple measures of watershed composition have been used widely to predict water 
quality (Jordan et al., 1997a; Jones et al., 2001). However, many uncertainties about the 
accuracy of these predictions have been pointed out and more complex, spatially explicit 
measures of landscape pattern and proximity are now emerging (Beaulac and Reckhow, 
1982; Gergel, 2005). Therefore, to better evaluate the role of landscapes in determining 
nutrient concentrations in receiving water bodies, it may be necessary to quantify the role of 
both composition and configuration of land use in watersheds.  
The quality of surface water in agricultural basins is often degraded by inputs of 
excess nutrients and sediment loading (Johnson et al., 1997). Land use change and 
subsequent perturbations in watersheds can result in increased losses of nutrients from 
watersheds that can lead to water chemistry changes downstream (Sorranno et al., 1996; 
Jordan et al., 1997b; Goolsby and Battaglin, 2001). Alterations in stream channels, 
disruptions in flow rates, and increases in sediment loads are additional consequences of 
modern agricultural production (Schultz et al., 1995). Studies of watershed nutrient export 
have suggested that rates of supply rise monotonically with the fraction of the watershed in 
agricultural land use (Dillon and Kirchner, 1975; Hill, 1978; Mason et al., 1990; Correll et 
al., 1992; Jordan et al., 1997b). These studies imply that large-scale reductions in nutrient 
supply to waters would require large-scale decreases in the amount of land in agricultural use 
(Jones et al., 2001) that may have significant economic ramifications (CENR, 2000). 
Given that nationally recognized problems such as hypoxia in the Gulf of Mexico are 
linked to nutrient inputs from upland agricultural regions in the Mississippi River watershed 
(Turner and Rabalais, 1994), environmental legislation and the interests of agricultural 
producers are in conflict. Many of the studies that link landscape composition to nutrient 
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export are based on non-spatial indicators (Osborne and Wiley, 1988; Sorranno et al., 1996). 
These indicators quantify the diversity and proportion of cover types, as well as patch shape 
and arrangement within the landscape (Gergel et al., 2002). A vast number of quantitative 
measures have been developed in the past (McGarigal and Marks, 1995). Landscape 
indicators have been used to study watersheds (Geier et al., 1994; Meyer and Turner, 1994; 
Bolstad and Swank, 1997). These studies successfully addressed the importance of watershed 
composition and asserted a strong association between percent land cover and nutrient export 
(Peterjohn and Correll, 1984; Detenbeck et al., 1993). Studies focused on non-spatial 
indicators fail to address the question of where critical land uses occur within watersheds 
(Gergel et al., 2005). The role of watershed configuration and the proximity of terrestrial 
nutrient sources are more difficult to quantify (Gustafson, 1988) and have not been taken into 
account (Bennett et al., 2004). To resolve this conflict, more information is needed about the 
configuration of pathways of nutrient transport from non-point sources of nutrients to surface 
water. 
Empirical evidence and watershed models indicate that spatially explicit data are 
needed to more accurately predict nutrient pathways from source areas to water bodies 
(Alexander et al., 2002). To date, there have been less studies that incorporated complex 
measures of landscape pattern (Tufford et al., 1998; King et al., 2005), which are viewed as 
important determinants of downstream water chemistry (Johnson et al., 2001). Some have 
attempted to quantify the importance of land cover in riparian buffers around streams and 
lakes (Richards et al., 1996; Johnson et al., 1997), other studies have compared the utility of 
indicators applied at the watershed scale with those in the buffer zones (Harding et al., 1998; 
Norton and Fisher, 2000). These analyses suggest that it may be important to account for the 
spatial arrangement of land cover across whole watersheds as well as in lands in close 
proximity to water bodies.  
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Disturbed agricultural fields transport water and nutrients more rapidly than most 
other lands. This can be viewed in the context of classical percolation theory, which 
addresses systems that are macroscopically open to a given phenomenon (Flory, 1941; 
Stockmayer, 1943; Sahimi, 1994). Classical percolation theory focuses on bonds or sites 
within a network that are either occupied (i.e. open to flow) or vacant (Broadbent and 
Hammersley, 1957). The transition from a disconnected network to a connected one occurs at 
the percolation threshold (Stauffer and Aharony, 1992). The behavior of systems close to the 
transition point is the focal interest of percolation theory. In an agricultural landscape, the 
network of bonds/sites is represented by fields. Percolation becomes more rapid and efficient 
as the fraction of the landscape composed of occupied bonds/sites increases. Analyses of 
analogous networks indicate that the transport of nutrients should start rising rapidly above 
60 percent agricultural lands (Sahimi, 1994). Results of watershed models that incorporated 
spatially explicit information have shown that the variability in loading was highest for 
watersheds with ~65% source areas (Gergel, 2005). This indicates that configuration is very 
important because the rise in nutrient concentrations resembles the predictions from 
percolation theory. If the relationships between spatial arrangement, proximity to water and 
nutrient export are non-linear, and if the aspects of spatial configuration that account for the 
most variation in lake nutrient chemistry can be identified, it may be possible to determine 
whether small changes in watershed configuration could likely result in large decreases in 
nutrient export.  
This research builds on results from studies that quantify the effect of landscape 
composition on water quality and embraces new methods that employ more complex 
measures of configuration. The indicators adopted to evaluate the role of composition and 
configuration are based on landscape composition and configuration indices developed by 
McGarigal and Marks (1995). This research intends to partially fill the gap through the 
evaluation of the importance of both landscape composition and configuration by analyzing 
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the association of various indices and the variability of water quality. Composition indices 
such as number of categories of land use, and proportions of land use, as well as 
configuration indices, such as percent of like adjacencies, cohesion, contagion, the adjacency 
index, interspersion and juxtaposition index were evaluated. Concepts from percolation 
theory are adopted to explain non-linear responses and develop models that predict the 
variability of water quality parameters with greater certainty. The hypothesis is that 
configuration accounts for variation beyond that attributable to composition alone. An 
ancillary hypothesis is that, if configuration is important, then the composition of land close 
to the water body may be disproportionately important in determining downstream water 
quality. 
Materials and Methods 
We test hypotheses concerning the influence of watershed composition and 
configuration on the water quality in receiving waters using a set of 132 watersheds that have 
been monitored for several years. Each of our watersheds terminates in a lake in which water 
quality was monitored.  We thus use GIS analysis and statistical methods to assess 
relationships between watershed characteristics and water quality in these receiving waters. 
Study Area 
The total area of the watersheds included in this study of Iowa lakes is 61 459 km2.
These watersheds constitute 1.9 percent of the Mississippi-Atchafalaya River watershed 
(Goolsby et al., 2001). Streams draining the Iowa farmlands contribute a considerable 
amount of sediment and nutrient load to the 3 770 kms long Mississippi River. Agricultural 
land is dominated by two row crops, corn (Zea mays L.) and soybeans (Glycine max L.) 
(USDA, 2002). The North-Central part of the state, also known as the Des Moines Lobe, has 
little topographical relief and is characterized by mollisols derived from rich loamy 
Wisconsin glacial till (Helmke et al., 2005). The Western edge of the state is hilly, with deep 
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loess deposits from the Missouri River floodplain extending to the central and eastern parts 
of the state (Helmke et al., 2005). This area constitutes some of the most intensely managed 
and productive agricultural land in the world. 
Water quality data 
The water quality parameters used in this study as response variables were chosen to 
reflect the OECD Index (Vollenweider and Kerekes, 1980; US EPA, 2000) of trophic 
classification system. These response variables are total nitrogen (TN - the combination of 
dissolved inorganic and organic nitrogen, particulate organic inorganic nitrogen), total 
phosphorus (TP - includes all forms, dissolved and particulate reactive as well as dissolved 
and particulate unreactive phosphorus), chlorophyll-a (Chl-a) and Secchi transparency (SD). 
Over the past seven years, researchers at Iowa State University have been collecting 
data on water quality measured in lakes at the bases of 132 watersheds across the state of 
Iowa (Fig. 1). The 132 study lakes (Appendix 1) were each sampled three times during the 
summer of 2002, between May 20 and August 14. Sampling was conducted at the deepest 
point in each lake basin, determined by sonar and bathymetric maps. The spatial locations of 
sampling points were recorded using GPS. YSI’s 6-Series, Multi-parameter Water Quality 
Monitors were used in the field to collect profiles of temperature, dissolved oxygen, specific 
conductivity, pH, turbidity, and chlorophyll. The depth of the thermocline was determined as 
these probes were lowered through the water column. An integrated column sampler was 
used to collect water from the upper mixed zone of the lake. If no thermocline was present, 
then the entire water column was sampled. The water from the column sampler was placed 
into a bucket, thoroughly mixed, poured into polypropylene bottles, and kept cold until it was 
delivered to the laboratory for analysis the next day. This method was used to collect water 
samples for analysis of nutrients, phytoplankton and chlorophyll.  
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Phosphorus and nitrogen analyses were performed using standard water-analysis 
methods. Ammonia analysis was performed according to Standard Methods (American 
Public Health Association, 1998). Phosphorus analyses were performed in accordance with 
Standard Methods and followed the ascorbic acid method, with persulfate digestion 
(American Public Health Association, 1998). Total nitrogen was analyzed using second 
derivative spectroscopy (Crumpton et. al, 1992). Laboratory analyses of chlorophyll-a were 
fluorometric, with acetone and magnesium carbonate extraction (American Public Health 
Association, 1998). Turbidity corrections were made to all visible wavelength colorimetric 
analyses (i.e., TP). Secchi transparency was obtained by the standard method for determining 
Secchi depth (Holmes, 1970). Quality assurance/quality control procedures were routinely 
employed in the laboratory and in the field. 
Geospatial data acquisition 
The use of geographic information systems (GIS) provided a means of assessing the 
contemporary land use/ vegetation configuration, slope and soil hydrologic groups and their 
potential influence on water quality in Iowa lakes. We used a 2002 land use/land cover 
dataset, derived from 30 meter LANDSAT imagery to determine a variety of descriptive and 
functional metrics, including the patch and landscape level composition and configuration 
patterns within the watersheds. Geospatial data (thematic and categorical maps and the 
attribute data) were acquired from the Iowa State University ftp server 
(http://www.gis.iastate.edu/data/; polygons, line features, raster datasets). Polygons include 
the boundaries of lakes, watersheds at different hydrologic unit code resolution (Hydrologic 
Unit Code (HUC) 10, HUC 12), stream networks, political boundaries, and road networks. 
Raster datasets included 2002 land cover, 1:24,000 digital elevation maps (DEMs), soil 
maps, and slopes derived from the DEMs. Other data sources included the Minnesota Data 
Deli (http://deli.dnr.state.mn.us/), the USGS Seamless website (http://seamless.usgs.gov/), 
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and the USDA-NRCS Soils Data Mart (http://soildatamart.nrcs. usda.gov/). Data obtained 
from these sources were used to delineate watersheds and perform geospatial analyses using 
slope and soil properties. 
Verification and manipulation of geospatial data  
Lake watershed polygons were provided by the Iowa Department of Natural 
Resources (IDNR) or were recreated when found to have significant errors. The outlines of 
the lake watershed polygons were used to clip and create raster datasets for each watershed 
from a land cover map with 17 land cover classes which were aggregated into 6 classes 
(Table 1). This provided a homogenous land cover dataset used in geospatial analysis to 
calculate runoff coefficients with zonal analyst tools from ESRI® ArcMap™ 9.1 (ESRI, 
2005), and landscape and class metrics using Fragstats 3.3 (www.umass.edu/landeco/ 
research/fragstats/fragstats.html), a spatial pattern analysis program for quantifying landscape 
structure specifically designed for categorical maps. 
Whole  landscape and class metrics 
The clipped land cover raster datasets of all 132 lake watersheds were analyzed to 
obtain various metrics. For each landscape mosaic (watershed) the landscape pattern was 
quantified using several metrics (Table 2) for each patch type (land cover class) in the mosaic 
and for the watershed as a whole. The adjacency matrix was also calculated, which is a tally 
of the number of cell adjacencies between each pair-wise combination of land cover class 
types, including adjacencies between cells of the same class. These provided information 
about the frequency of different as well as identical pairs of patch types that appeared side-
by-side on the map. These metrics were integrated over all classes over the entire watershed. 
Our primary interest was in the composition and configuration of the entire landscape. Class-
level metrics were integrated over all the patches of a given class. Class indices separately 
quantified the amount and spatial configuration of each patch type and provided a means to 
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quantify the extent and fragmentation of each patch type in the watershed. We used these 
measures to quantify the areal extent, diversity and spatial configuration of patches within the 
watersheds and in buffer areas around lakes. We then used these in statistical analysis and the 
development of models. 
Geospatial Analysis 
We used landscape measures of watershed composition at three spatial scales (30, 60 
and 120 meter buffers) to evaluate the contribution of proximity to the variability of water 
quality parameters. We studied the importance of land cover, slope and soil in riparian 
buffers around lakes (Richards et al. 1996; Johnson et al. 1997). We also compared 
coefficients associated with nutrient export, at the watershed scale with those in the buffer 
zones (Harding et al. 1998; Norton and Fisher 2000). This allowed us to evaluate the 
importance of the spatial arrangement of land cover across whole watersheds as well as in 
lands in close proximity to waterbodies.  
GIS analysis yielded three groups of coefficients, one each for the effects of land 
cover, slope and soil hydrologic group. The coefficients were derived using spatial analyst 
tools of ESRI® ArcMap™ 9.1 and represent an aggregate value based on the number of 
pixels occupied by different land cover categories, slope values, or soil classes within each 
buffer ring. Runoff coefficients for land cover classes (water, forest, grassland, cropland, 
urban, unclassified) were adopted from a table of coefficients (Table 3) for ground cover 
calculated using the rational method (Djokic and Maidment, 1993). The coefficients 
presented in Table 3 were based on the commonly used (Corbitt, 1999; Singh, 1992) U.S. 
Federal Aviation Administration (FAA) method, recommended by the American Society of 
Civil Engineers (ASCE http://www.ascelibrary.org/) (Hotchkiss and McCallum, 1995), 
developed from data obtained for runoff and successfully applied to overland flow.). The 
rational method runoff coefficients were interpreted as a range of values for each cover type. 
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We used the mid-point (Table 3) of the range of the coefficients for forest, cultivated land, 
meadow and industrial areas to reclassify land cover categories and create multiple buffer 
rings around the surface water features in the watershed (Table 4). As a result of conversions 
and reclassifications, the attribute table of the final output contained the runoff coefficient 
and the count of raster points (15x15 m) for the corresponding riparian buffer zone. The 
runoff coefficients of the three buffer zones for land cover represented the fraction of rainfall 
that contributes to runoff.  
Runoff coefficients to evaluate the influence of slope on water quality (Table 5) were 
derived by attributing a numeric value to soil map units (SMU), a classification system used 
by the Iowa Soil Properties and Interpretations Database (ISPAID 
http://extension.agron.iastate. edu/soils/pdfs/ISP72MAN.pdf ). ISPAID contains a 
comprehensive listing of soil properties, characteristics, attributes, and selected 
interpretations of each SMU identified in Iowa county soils surveys. The SMU identifies the 
soil type, the slope class, and the erosion phase. The corresponding slope effect coefficients 
were adapted from Maidment (1992, 1993). The attribute table of the final output contained 
the runoff-coefficient and the count of raster cells (15x15 m) for the corresponding riparian 
buffer zone for each lake’s watershed. The potential utility of the slope runoff coefficients is 
that they represent the fraction of rainfall that can contribute to runoff near the water body. 
Similarly, the runoff coefficients for the effect of hydrologic soil groups were 
calculated based on information from ISPAID (http://extension.agron.iastate.edu/soils 
/pdfs/ISP72MAN.pdf ) and runoff coefficients for the rational equation (http://pasture.ecn. 
purdue.edu/ ~abe526/resources1/Runoff/C_table.html). The hydrologic soil group 
descriptions are indicated by letters A-D, according to the ISPAID system (Table 6). Soils 
were grouped according to the intake of water when soils were thoroughly wet and received 
precipitation from long-duration storms (1 to 10 days) (Froehlich, 1995). Hydrologic 
groupings were used to estimate runoff from precipitation. In order to estimate the influence 
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of hydrologic soil properties near to water courses on the quality of the receiving waters, we 
calculated the runoff coefficients for soil groups. We reclassified the soil group values to 
derive runoff coefficient for each buffer distance. For compound groups (B/A, B/D, C/D) we 
used a 60/40 weighted ratio (personal communication, Lee Burras, 2006). These values 
represent the fraction of rainfall in the three riparian buffer distances that contributes to 
runoff and is accounted for by soil hydrologic properties only. We evaluated the buffer 
distances to identify which accounts for a significant variation in water quality. 
Statistical Analyses 
 We evaluate the influence of watershed composition and configuration on water 
quality in the receiving waters through the comparison of variance accounted for by three 
different buffer distances, with that explained by variables calculated for the whole 
watersheds. The dependent variables were separated into five groups: (a) those that describe 
the watershed, (b) those calculated for the 30m buffer, (c) the 60m buffer, (d) the 120m 
buffer, and (e) the watershed outside the 120m buffer. Dependent variables were natural-log 
transformed to approximate linearity, homogeneity of variance, and normality (Ramsey and 
Schafer, 2002). We ascertained normality by visual verification of residuals. The explanatory 
variables were analyzed for co-linearity and one of each co-linear variable pairs was removed 
from the analysis. We first removed variables that had high counts for co-linearity and 
evaluated the remaining ones based on their definition (Table 2). When co-linearity existed 
between pairs of variables that had similar interpretative value, one was chosen randomly. 
The threshold for “strong” co-linearity was set at r > 0.7 (Gujarati, 1995). We used stepwise 
regression with SAS PROC REG, part of SAS 9.1 for Windows (SAS Institute Inc. 2004) 
with the Mallow’s (C)p optimality criterion to control feature selection using variables in 
group (a) above. Mallow's C(p) was used in regression models as the criterion for choosing 
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the best subset of predictor effects (SAS Institute Inc. 2004), including only the important 
predictors of each dependent variable. The level of significance was set at &=0.15, 
because there was considerable pure error associated with the variables and to admit some 
landscape characteristics for heuristic reasons. We selected the best model using all whole 
watershed characteristics (group a, above) by finding that with the lowest C(p). For the other 
four models, corresponding to groups b-e above, the model with the lowest C(p) value was 
selected by forcing the whole-watershed variables into the analysis and evaluating the effects 
of variables assessed at various buffer distances. The same process of model generation and 
selection was repeated for the four dependent variables (Tables 9 and 10).  
Results and Discussion 
Water Quality 
The mean TN, TP and Chl-a concentrations in 2002 in the 130 sampled lakes were 
high (Table 8). Using the OECD trophic status approach (Vollenweider and Kerekes, 1980) 
104 lakes were eutrophic based on Chl-a (Chl-a >14 [g L-1), 55 lakes for TP concentrations 
(TP >84 [g L-1), and 32 lakes were eutrophic based on TN concentrations (TN > 1.9 mg L-1). 
Based on Secchi transparency, only two lakes, Pleasant Creek Lake and West Okoboji Lake 
received a better than mesotrophic (SD < 4.2 m) classification. Nutrient concentrations in 
Iowa lakes have been among the highest in the world (Downing and McCauley, 1992; 
Bachmann, 1994; Arbuckle and Downing, 2001).  
Land use patterns in the studied watersheds 
Land use in the studied watersheds was predominantly rural agriculture. Cropland and 
grassland occupied a total of 89.5% of the watershed area (Table 7). Agricultural land use 
was predominant in 108 watersheds. Cropland was < 30% in forty four watersheds and > 
65% in thirty one. Grassland was < 30% in eighty two watersheds and > 50% in only ten. 
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Ninety five watersheds had > 65% agricultural land. Urban land was > 30% in only six 
watersheds. One hundred eighteen of the lake watersheds had < 30% forest cover, and only 
three had > 50%.  
Whole watershed composition and configuration 
Whole watershed landscape characteristics explained significant (p<0.001) variability 
in all of the response variables (Table 9). The statistical strength of these models was highest 
for TN and lowest for SD (Table 9). 
Although variables measuring both watershed composition and configuration were 
entered into the analysis, only configuration metrics accounted for significant variation. The 
strongest predictor of lake TN was watershed contagion, a measure of the aggregation of 
patches on a whole watershed level. This relationship was non-linear (Fig. 2). Since the 
landscapes were dominated by cropland (Table 7), this means that in watersheds 
characterized by aggregated cropland patches, a percolation threshold is reached at around 
65% as suggested by theory (Sahimi, 1994; Gergel et al., 2005). For a doubling of contagion 
in the watershed a 1.06 [g increase in TN concentration is predicted. The next strongest 
predictor of TN was total edge of cropland patches, indicating that nitrogen concentrations 
increase as the landscape becomes more fragmented, resulting in more edges. This may be 
important for interpreting surface and subsurface nutrient transport, considering that edge 
effects may extend beyond the patch border through runoff. Cohesion of the landscape was 
high (> 90%), indicating that high levels of connectivity lead to high TN. Among all land use 
categories, cohesion was best correlated with percent cropland (R2= 0.4) (Fig. 3), therefore, it 
is likely that connectivity reflects connections among patches of cropland. This is 
corroborated by similar trends in relationships between TN and landscape cohesion (Fig.4) 
and between TN and cropland patch cohesion (Fig. 5). The connectivity of water is also a 
strong predictor of TN because water is a principal medium of nutrient transport. As the 
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percentage of adjacent urban patches in the watersheds increased, TN concentrations in lakes 
also increased, with increasing variability around 60% (Fig. 6). This is likely due to higher 
concentrations in export from urban fertilizer applications and the efficient flow of nutrients 
through impervious surfaces in urban areas (Konrad et al., 1978; Beaulac and Reckhow, 
1982) and agrees with high NO3--N in urban streams (Smart et al., 1985). Variables that were 
not included in the model relate to diversity (number of patches), the proportional abundance 
of patch and cell types (i.e., percentage of land use classes within the watersheds), and the 
aggregation index, a measure of the dominance of a single patch. Other studies have also 
found that spatial patterns described by dominance and edges have not greatly influenced the 
predictive ability of water quality models (Hunsaker and Levine, 1995).  
The statistical power of the model to predict TP is lower (Table 9) and is likely linked 
to the confounding effect of the complexities of P transport and mobilization in the 
environment. Research has shown that internal loading (Ostrovsky et al., 1996) may account 
for up to one-half of the external P load in lakes (Bates et al., 1980; Premazzi and Provini, 
1985). Resuspension of P into the water column caused by wind action and induced internal 
seiches may confound the accuracy of predictions that rely on watershed landscape 
characteristics (Imboden and Wuest, 1995). Urban land is most important. The strongest 
composition variable in the model was the proportion of urban land. TP concentrations in 
lakes increased with the proportion of urban land in the watersheds (Fig. 7). This may be due 
to impervious surfaces that contribute to runoff. Research indicates that urban land use is a 
major source of P (Osborne and Wiley, 1988).The variability of TP increased significantly 
when the aggregation of forest in the watersheds was > 65% (Fig. 8). This indicates that 
when forested land is more aggregated, it does less good as a buffer. Also, the index does not 
take into account where the aggregation of forest in the landscape occurs. Forest patches 
removed from the water surfaces are not likely to contribute to better water quality. The 
visual analysis of watershed maps indicate that if forested patches are aggregated close to the 
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water bodies (e.g. Big Creek Lake), TP is generally low. In another watershed with 
comparable proportion of agricultural land and forest aggregation index, where forest patches 
were removed from the lake shoreline (Lake Sugema), the TP concentration was 7 times 
higher. While direct causality between the aggregation of forests and nutrient concentration 
in lakes is not implied, the relationship indicated the importance of configuration of this 
cover type. It has also been shown that forest ecosystems downslope from croplands may 
contribute to P loading (Correll et al., 1992). Spatially explicit variables did not make a 
statistically significant contribution to predicting TP. 
Watershed composition also had a strong influence on the amount of algal biomass in 
lakes as measured by Chl-a. Holding all other variables constant, a doubling in percent urban 
land leads to a 5% increase in Chl-a concentrations. There was an inverse relationship 
between the proportion of forest land across all watersheds and Chl-a concentrations in lakes. 
The variability of Chl-a concentration increased as the adjacency of urban land became 
>50% (Fig. 9). The whole watershed model contained three significant configuration 
variables that focused on urban land. Research has linked TP and chlorophyll-a 
concentrations (Brown et al., 2000), as well as the increased export of P from urban lands 
(Osborne and Wiley, 1988). This may explain the importance of these compositions variables 
in predicting the variability of Chl-a concentrations. 
Configuration had a less significant influence on Secchi transparency of lakes in 
Iowa. The only significant configuration variable was the adjacency index of water. This is 
likely explained by streams that transport dissolved and suspended material into lakes. The 
strongest composition variable was the proportion of urban land, followed by cropland. Both 
urban and crop land are a source of sediment that decreases transparency in the water column 
(Osborne and Wiley, 1988). The aggregation index for forest and the cohesion index of water 
were not significant at the &=0.05 level.  
42 
 
Regression analysis on the whole watershed models for each of the dependent 
variables indicated that configuration is very important. Only configuration variables 
appeared in the TN model. This implies that TN concentrations in lakes are better predicted 
by the spatial arrangement of critical land cover types and their proximity, and to a lesser 
extent by their relative proportion within the landscape. Some configuration variables 
appeared in several models, but not in others. Landscape cohesion and patch cohesion of 
cropland were significant variables in the models that predicted the variability of TN and TP 
(Table 9). Percent of like adjacencies of urban land appeared in the TN and Chl-a models. 
Percent of like adjacency of water was significant for the TN and SD models. Patch cohesion 
index of forest and patch cohesion of water appeared in several models but were significant 
only for the TN model. Edge density of urban land was significant in the models that 
predicted the variability of TP and Chl-a. The aggregation index of forest land appeared in 
three models, but was only significant for the TP and Chl-a models. Some variables appeared 
in only one model and not in others. Contagion and total edge of cropland appeared only in 
the TN model. It is likely that the positive correlation with TN concentrations indicates that 
in watersheds characterized by the dominance of a single land use class, which is highly 
aggregated, a percolation threshold is reached at 65% (Fig. 2). 
Composition variables appeared in only three whole watershed models. The 
proportion of cropland appeared in the models that predict the variability of TP and SD, but 
was only significant in the latter model. The proportion of urban land appeared in the models 
for TP, Chl-a and SD. Research has linked urban land use with high P export to receiving 
waterbodies (Osborne and Wiley, 1988). There are numerous studies that have shown a 
positive relationship between Chl-a and TP concentrations in lakes (Smith, 1982; Brown et 
al., 2000, Downing et al., 2001). Chlorophyll is an indicator of phytoplankton biomass and is 
also closely linked to Secchi transparency in standing waters. Impervious surfaces in urban 
areas and fertilizer applications to lawns are known to contribute to high P levels in runoff, 
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and since P is the limiting nutrient in most lakes, this may result in higher chlorophyll 
concentrations and reduced Secchi transparency.   
Spatially explicit data on land cover near the water courses accounted for a small but 
significant amount in the variation in water quality. For example land cover in the 30 meter 
buffer ring (LC_30) accounted for an additional 2.6% of the variability in TN (p<0.0028; 
Table 10). The regression coefficient for TN indicates that holding all other variables 
constant, for every unit change in the land cover runoff coefficient within 30 meters of water, 
there was a 1.02 unit decrease in TN. For Chl-a, land slope within 60 meters of water 
(SL_60) accounted for 6% more variation (p<0.01) beyond that accounted for by metrics 
calculated across the entire watershed (Table 10). Holding all other variables constant, for 
every one percent change in slope within 60 meters of water, there was a 1.04 unit decrease 
in Chl-a. For Chl-a and SD, composition covariates were relatively more important than for 
TN and TP. For SD, land slope and soil hydrologic properties within 60 meters of water 
(SL_60) (S_60) accounted for 8% more variation (p<0.05) beyond that accounted for by 
metrics calculated across the whole watershed (Table 10). This indicates that holding all 
other variables constant, for every one percent change in slope within 60 meters of water, 
there was a 1.03 unit increase, and for every unit change in the runoff coefficient of soil 
within 60 meters of water there was a 1.05 decrease in Secchi transparency. In other words, 
as more water is absorbed by the soil, the potential for runoff is reduced and water clarity is 
increased. Slope and hydrologic properties are factors that have an impact on water quality 
but can not be managed, therefore it is important to consider land use changes that are more 
conducive to water quality improvement. 
The relative importance of configuration metrics was higher than those for watershed 
composition in all of the models. Spatially explicit data improved predictions of Chl-a, SD 
and TN. The improved models accounted for a higher proportion of the variability of three 
explanatory variables. Although various composition variables were important, the question 
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arises why variables measuring the proportion of critical land use were not selected for the 
TN model. TN concentrations in receiving lakes were approximately 0.5 - 2.6 mg L-1 in lakes 
with watersheds composed of <65% cropland but were much greater (> 9 mg L-1) beyond the 
percolation threshold (Fig. 10). This abrupt change in variability, i.e., the presence of a 
percolation threshold and the non-linear response, were not observed for in-lake 
concentrations of TP (Fig. 11) and Chl-a. The relationship was more linear, due to greater 
variance below the percolation threshold.  
Conclusions 
This analysis showed that watershed configuration accounted for more variation in 
lake water quality in receiving waters than did watershed composition. The assertion that 
configuration, i.e., the spatial arrangement of agricultural fields within the watershed, is 
associated with non-linearity of nutrient concentrations was supported by concepts adopted 
from classical percolation theory. 
 The importance of proximity to surface water bodies was also tested with spatially 
and proximally explicit data. Spatially proximal land use did not play a major role in the 
predictability of water quality beyond the influence of composition and configuration of the 
whole watershed. Spatially proximal data on slope and soil properties improved the R2 to 
0.23 for SD, and slope improved the R2 for Chl-a to 0.3. The spatial configuration of land use 
in these agricultural watersheds has a stronger influence on water quality in lakes than does 
the proportion of any particular land use in a lake’s watershed. 
The practical implications of this study are that if we want to decrease the mobility of 
P or N in these watersheds, we need to implement changes that will result in altered 
configuration of landscape. According to the results of this research, and if causality can be 
inferred, connectivity is caused by land used for growing crops. Measures of configuration 
such as cohesiveness, adjacency and edge density of critical land uses need to be addressed. 
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If these are causative effects, then we can significantly reduce nutrient concentrations by 
manipulating the configuration of these landscapes. 
An ideal landscape from the perspective of good water quality would have the highest 
concentration of forested land around, or close to lakes and streams within the watershed, 
with forest clusters of grasslands located strategically in the landscape that break up 
contiguous cropland. In the case of lakes where urban land is adjacent to, or within 30 meters 
of the shoreline, riparian vegetation needs to be increased with preference for trees and 
perennials. Further expansion of urban sprawl, especially the proportion of impervious 
surfaces in riparian areas needs to be limited or measures need to be taken to ensure that the 
natural vegetation along these effected shorelines be maintained.  
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Table 1.  Reclassification of the IDNR land cover map into six general classes. The 
reclassified land cover map was used to generate landscape metrics (see Methods) 
 
Original IDNR classification Classification used 
in this study 
1 Water Water 
2 Wetland  Water 
3 Bottomland Forest Forest 
4 Coniferous forest Forest 
5 Deciduous forest Forest 
6 Ungrazed grassland Grassland 
7 Grazed grassland Grassland 
8 CRP grassland Grassland 
9 Alfalfa Cropland 
10 Corn Cropland 
11 Soybeans Cropland 
12 Other rowcrop Cropland 
13 Roads Urban 
14 Commercial/industrial  Urban 
15 Residential Urban 
16 Barren Urban 
17 Clouds/shadow/nodata Unclassified 
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Table 2. Metrics concerning watershed composition and configuration calculated by the 
Fragstats software (www.umass.edu/landeco/research/fragstats/fragstats.html)
Watershed Metric Label Variable meaning 
Total area  Composition Total landscape area (ha) 
Number of patches Configuration The number of patches in the landscape 
Contagion Conf. Measures the aggregation of patch types (%) 
Percent of like 
adjacencies  
Conf. The proportion of neighboring cells involving the same class (%) 
Interspersion and 
juxtaposition index 
Conf. Measures the adjacency of patch types; higher values mean patch 
types are equally adjacent to each other (%) 
Patch cohesion Conf. Measures physical connectedness (%) 
Patch richness density  Conf. The number of different patch types within the landscape 
Aggregation index  Conf. Measures dominance of a single patch (%) 
Class area  Comp. The sum of the areas of all patches (ha) 
Patch area  Comp. The area of the patch (ha) 
Percentage of landscape  Comp. Quantifies the proportional abundance of each patch type in the 
landscape (%) 
Largest patch Conf. The percentage of the landscape comprised by the largest patch 
Total edge  Conf. The sum of the lengths (m) of all edge segments 
Edge density Conf. The sum of the lengths (m) of all edge segments of a patch type, 
divided by the total landscape area (ha) 
Clumpiness index Conf. Measures the aggregation of the focal patch type (%) 
Percent of like 
adjacencies  
Conf. Measures the number of identical class neighbors 
Interspersion and 
juxtaposition index  
Conf. Measures the number of adjacent patch types 
Cohesion index Conf. Measures physical connectedness of the focal class (%) 
Aggregation index  Conf. Measures the aggregation of a focal class (%) 
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Table 3.  Table of runoff coefficients for ground cover, based on the rational formula 
 
Ground Cover Rational runoff coefficient for FAA 
method, (Corbitt, 1999; Singh, 1992) 
Mid-point of range 
adapted to land cover 
classes 
Lawns                   0.05 - 0.35  
Forest                   0.05 - 0.25 0.15 
Cultivated land                   0.08 - 0.41 0.25 
Meadow                   0.10 - 0.50 0.30 
Parks, cemeteries                   0.10 - 0.25  
Unimproved areas                   0.10 - 0.30  
Pasture                   0.12 - 0.62  
Residential areas                   0.30 - 0.75  
Business areas                    0.50 - 0.95  
Industrial areas                   0.50 - 0.90 0.70 
Asphalt streets                   0.70 - 0.95  
Brick streets                   0.70 - 0.85  
Roofs                   0.75 - 0.95  
Concrete streets                   0.70 - 0.95  
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Table 4. Table of Reclassified Runoff Coefficients for Land Cover 
 
Land cover category Runoff coefficient 
adapted to 6 land cover 
classes 
Water 0.00
Forest 0.15
Grassland 0.30
Cropland 0.25
Urban 0.70
Other 0.50 
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Table 5. Runoff coefficients for slope based on soil map units (SMU) 
 
SMU Percent 
rise 
Description Slope effect 
coefficients 
A 0 - 2 Level and nearly level            0.6 
B+C   2 - 9 Gently sloping/moderately sloping            0.7 
D 9 - 14 Strongly sloping            0.8 
E+F 14 - 25 Moderately steep (western Iowa = 14-20%) 
Steep (western Iowa = 20-30%) 
 1.0
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Table 6. Runoff coefficients for soil hydrologic groups 
 
Hydrologic soil group Coefficient 
Well-drained sand and gravel; high permeability; 0.6 
Moderate to well-drained; moderately fine to moderately coarse 
texture; moderate permeability; 
0.8 
Poor to moderately well-drained; moderately fine to fine texture; 
slow permeability; 
0.9 
Poorly drained, clay soils with high swelling potential, permanent 
high water table, claypan, or shallow soils over nearly impervious 
layer(s). 
1.0 
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Table 7. Statistical analysis of 2002 land use in 132 watersheds by cover classes in Iowa 
 
Cropland Grassland Agriculture 
(Crop+Grass)
Forest Urban Water 
Total Area (ha) 4342754 1158805 5501559 313470 165348 160139
Percent of total area 70.6 18.9 89.5 5.1 2.9 2.5
Min 0.3 8.1 8.7 0.2 0.1 0.6
Max 89.2 68.6 97.6 78.6 52.3 57.3
Mean 54.5 26.6 81.1 10.5 1.7 6.7
SD 25.1 14.5 20.9 12.8 9.1 11
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Table 8. Statistical summary of mean epilimnetic TN, TP, Chl-a and SD in samples collected 
in 2002 from 130 lakes in Iowa 
 
Minimum Maximum Mean 
Total nitrogen (mg L-1) 0.55 13.37 2.19
Total phosphorus ([g L-1) 17 452 105
Chlorophyll-a ([g L-1) 2 183 41
Secchi transparency (m) 0.09 5.70 1.18 
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Table 9. Coefficient of variation for composition and configuration variables included in 
whole watershed models that predict the proportion of variability of TN, TP, Chl-a and SD *, 
**, ***: significant at p < 0.15, 0.05, or 0.01 respectively 
 
Whole watershed 
model attributes and 
variables 
lnTN lnTP 
 
lnChl-a lnSD 
Model R2
Intercept 
Contagion 
Cohesion 
TotalEdge_crop 
ED_urban 
PLADJ_urban 
PLADJ_water 
IJI_forest 
Cohesion_crop 
Cohesion_urban  
Cohesion_forest 
Cohesion_water 
Aggregation_forest  
Percent_crop 
Percent_urban 
Percent_forest 
 0.650 
 5.570   
 0.056 ***
- 0.172 ***
7.98-9 ***
0.028 ***
- 0.056 ***
0.006 * 
 0.019 ***
- 0.017 * 
 0.010 ** 
 0.110 ** 
0.190 
17.360 
 
- 0.148 * 
 
- 0.016 **
0.016 **
- 0.014 * 
 
0.016 **
0.005 * 
 0.059 **
0.25 
 4.163 
 
- 0.013 ** 
 0.055 ***
- 0.066 ***
0.021 ***
0.049 ** 
- 0.023 ***
0.152 
- 1.281  
 
- 0.078 *** 
0.098 *   
- 0.011 * 
- 0.007 **  
- 0.023 ***
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Table 10. Coefficients of variation for composition, configuration and spatially explicit 
variables included in models that predict the proportion of variability of TN, TP, Chl-a and 
SD *, **, ***: significant at p < 0.15, 0.05, or 0.01 respectively 
 
Whole watershed 
model attributes and 
variables 
lnTN lnTP 
 
lnChl-a lnSD 
Model R2
Intercept 
Contagion 
Cohesion 
TotalEdge_crop 
ED_urban 
PLADJ_urban 
PLADJ_water 
IJI_forest 
Cohesion_crop 
Cohesion_urban  
Cohesion_forest 
Cohesion_water 
Aggregation_forest  
Percent_crop 
Percent_urban 
Percent_forest 
LC_30 
SL_60 
S_60 
0.673 
 5.570   
 0.056 ***
- 0.202 ***
1.02-8 ***
0.031 ***
- 0.046 ** 
 0.006 * 
 0.020 ***
- 0.017 * 
 
0.104 ** 
 
- 0.020 ***
0.190 
17.360 
 
- 0.148 * 
 
- 0.016 **
0.016 **
- 0.014 * 
 
0.016 **
0.005 * 
 0.059 **
0.30 
 7.060 
 
- 0.016 ***
0.060 ***
- 0.070 ***
0.021 ***
0.049 ** 
- 0.017 ***
- 0.041 ***
0.230 
- 3.063  
 
- 0.089 *** 
0.147 *   
- 0.009 * 
- 0.008 *** 
- 0.021 ** 
 
0.030 ** 
- 0.050 ** 
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Figure Legend 
Figure 1. Map illustrating Iowa State University Lake Study sites 
Figure 2. Figure 2. Bivariate relationship between contagion index and total nitrogen 
concentrations in lakes in 130 watersheds.  
Figure 3.  Bivariate relationship between landscape cohesion index and percent cropland 
across all watersheds 
Figure 4.  Bivariate relationship between landscape cohesion index and TN concentrations in 
lakes 
Figure 5.  Bivariate relationship between cohesion index of cropland and TN concentrations 
in lakes 
Figure 6.  Bivariate relationship between percent of like adjacency of urban land across all 
watersheds and TP concentrations in lakes 
Figure 7.  Bivariate relationship between proportion of urban land across all watersheds and 
TP concentrations in lakes  
Figure 8.  Bivariate relationship between the aggregation index of forest land across all 
watersheds and TP concentrations in lakes. 
Figure 9.  Relationship between adjacency of urban land in 130 watersheds and chlorophyll-a 
concentrations in lakes receiving input from these watersheds. 
Figure 10. Bivariate relationship between proportion of cropland across all watersheds and 
TP concentrations in lakes 
Figure 11. Bivariate relationship between proportion of cropland across all watersheds and 
TP concentrations in lakes 
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Figure 1. Map illustrating Iowa State University Lake Study sites 
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Figure 2. Bivariate relationship between contagion index and total nitrogen 
concentrations in lakes in 130 watersheds. The line is a Loess sequentially smoothed plot of 
untransformed data with delta=0 (the smoothing function considers every data point), n-
steps=2 (number of interactions), and f=0.5 (weighting factor). The values of n-steps and f
were chosen based on the recommendations of Cleveland (Cleveland 1979). 
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Figure 3.  Bivariate relationship between landscape cohesion index and proportion of 
cropland across all watersheds 
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Figure 4.  Bivariate relationship between landscape cohesion index and TN concentrations in 
lakes 
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Figure 5.  Bivariate relationship between cohesion index of cropland and TN concentrations 
in lakes 
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Figure 6.  Bivariate relationship between percent of like adjacency of urban land across all 
watersheds and TP concentrations in lakes 
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Figure 7.  Bivariate relationship between proportion of urban land across all watersheds and 
TP concentrations in lakes. The line is a Loess sequentially smoothed plot of untransformed 
data with delta=0 (the smoothing function considers every data point), n-steps=2 (number of 
interactions), and f=0.5 (weighting factor). The values of n-steps and f were chosen based on 
the recommendations of Cleveland (Cleveland 1979). 
 
Proportion of urban land in watersheds (%)
0 10 20 30 40 50 60
TP
(µ
g
L-
1 )
0
100
200
300
400
500
70 
 
Figure 8.  Bivariate relationship between the aggregation index of forest land across all 
watersheds and TP concentrations in lakes. The line is a Loess sequentially smoothed plot of 
untransformed data with delta=0 (the smoothing function considers every data point), n-
steps=2 (number of interactions), and f=0.5 (weighting factor). The values of n-steps and f
were chosen based on the recommendations of Cleveland (Cleveland 1979). 
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Figure 9.  Relationship between adjacency of urban land in 130 watersheds and chlorophyll-a 
concentrations in lakes receiving input from these watersheds. The line is a Loess 
sequentially smoothed plot of untransformed data with delta=0 (the smoothing function 
considers every data point), n-steps=2 (number of interactions), and f=0.5 (weighting factor). 
The values of n-steps and f were chosen based on the recommendations of Cleveland 
(Cleveland 1979). 
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Figure 10.  Relationship between agricultural land use in 130 watersheds and TN in lakes 
receiving input from these watersheds. The line is a Loess sequentially smoothed plot of 
untransformed data with delta=0 (the smoothing function considers every data point), n-
steps=2 (number of interactions), and f=0.5 (weighting factor). The values of n-steps and f
were chosen based on the recommendations of Cleveland (Cleveland 1979). 
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Figure 11. Relationship between agricultural land use in 130 watersheds and TP in lakes 
receiving input from these watersheds. The line is a Loess sequentially smoothed plot of 
untransformed data with delta=0 (the smoothing function considers every data point), n-
steps=2 (number of interactions), and f=0.5 (weighting factor). The values of n-steps and f
were chosen based on the recommendations of Cleveland (Cleveland 1979). 
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CHAPTER 3.  GENERAL CONCLUSIONS 
Contiguous parcels of cropland in watersheds dominated by intensive agricultural 
production are important non-point sources of nutrients for aquatic ecosystems. This study 
was focused on determining the relative importance of the configuration and composition of 
landscapes, and spatially explicit data, in predictive water quality modeling. 
This study used data collected at the bases of 130 lake watersheds in Iowa and 
geospatial data on land cover, slope and hydrologic properties of soils. Some important 
relationships between landscape characteristics and lake water quality were quantified by 
analyzing maps of 130 watersheds, and by regressing four water quality responses on 
landscape variables. Concepts from percolation theory were applied to explain the non-linear 
relationships between landscape characteristics and response variables. Whole watershed 
models were compared with models that accounted for proximity of land use to water.  
The watershed models predicted between 15 and 67 percent of the variability of the 
response variables. Results showed that configuration of critical land use categories 
accounted for more variation in lake water quality in receiving waters than did watershed 
composition. Spatially explicit data improved the statistical power of the models by a small, 
but significant margin for variables TN, Chl-a and SD. The assertion that the spatial 
arrangement of land cover within the watershed is associated with non-linearity of nutrient 
concentrations was verified. The spatial configuration of land use in these agricultural 
watersheds seems to have a stronger influence on water quality in lakes than does the 
proportion of any particular land use in a lake’s watershed. If configuration could be 
modified in by breaking up contiguous agricultural parcels of land though the interspersion 
of forests and grasslands, then the tortuosity of nutrient pathways from source areas would 
increase. Also, if forest land was aggregated more near surface water bodies and less in 
isolated clusters at a distance from lakes, this would likely improve water quality. 
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The practicality of this study lies in that the results can be integrated into watershed 
management efforts focused on surgical modifications within the landscape with the aim of 
decreasing the mobility of problem nutrients. This study may provide tools to measure and 
intersect connectivity at critical points without large scale alterations in landscape 
composition. By implementing changes in configuration, it may become possible to 
significantly reduce nutrient concentrations in receiving waters. 
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APPENDIX A.  LIST OF LAKES 
 
Below are the lakes in the report, listed alphabetically. Data for each lake can be 
viewed through the following link. 
http://wqm.igsb.uiowa.edu/publications/lake_report02/report02.htm  
Lake Name County
Arbor Lake Poweshiek County 
Arrowhead Lake Pottawattamie County 
Arrowhead Lake Sac County 
Avenue of the Saints Lake Bremer County 
Badger Creek Lake Madison County 
Badger Lake Webster County 
Beaver Lake Dallas County 
Beeds Lake Franklin County 
Big Creek Lake Polk County 
Big Spirit Lake Dickinson County 
Black Hawk Lake Sac County 
Blue Lake Monona County 
Bob White Lake Wayne County 
Briggs Woods Lake Hamilton County 
Browns Lake Woodbury County 
Brushy Creek Lake Webster County 
Carter Lake Pottawattamie County 
Casey Lake (a.k.a. Hickory Hills Lake) Tama County 
Center Lake Dickinson County 
Central Park Lake Jones County 
Clear Lake Cerro Gordo County 
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Cold Springs Lake Cass County 
Coralville Lake Johnson County 
Crawford Creek Impoundment Ida County 
Crystal Lake Hancock County 
Dale Maffitt Lake Polk County 
Deer Creek Lake (Not monitored in 2002) Plymouth County 
DeSoto Bend Lake Harrison County 
Diamond Lake Poweshiek County 
Dog Creek Lake O'Brien County 
Don Williams Lake Boone County 
East Lake, Osceola Clarke County 
East Okoboji Lake Dickinson County 
Easter Lake Polk County 
Eldred Sherwood Lake Hancock County 
Five Island Lake Palo Alto County 
Fogle Lake Ringgold County 
George Wyth Lake Black Hawk County 
Green Belt Lake Black Hawk County 
Green Castle Lake Marshall County 
Green Valley Lake Union County 
Greenfield Lake Adair County 
Hannen Lake Benton County 
Hawthorn Lake (a.k.a. Barnes City Lake) Mahaska County 
Hickory Grove Lake Story County 
Hooper Area Pond Warren County 
Indian Lake Van Buren County 
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Ingham Lake Emmet County 
Kent Park Lake Johnson County 
Lacey Keosauqua Lake (Not monitored in 
2002) Van Buren County 
Lake Ahquabi Warren County 
Lake Anita Cass County 
Lake Cornelia Wright County 
Lake Darling Washington County 
Lake Geode Henry County 
Lake Hendricks Howard County 
Lake Icaria Adams County 
Lake Iowa Iowa County 
Lake Keomah Mahaska County 
Lake Macbride Johnson County 
Lake Manawa Pottawattamie County 
Lake Meyer Winneshiek County 
Lake Miami Monroe County 
Lake Minnewashta Dickinson County 
Lake of the Hills Scott County 
Lake of Three Fires Taylor County 
Lake Orient Adair County 
Lake Pahoja Lyon County 
Lake Smith Kossuth County 
Lake Sugema Van Buren County 
Lake Wapello Davis County 
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Little River Lake Decatur County 
Little Sioux Park Lake Woodbury County 
Little Spirit Lake Dickinson County 
Little Wall Lake Hamilton County 
Littlefield Lake Audubon County 
Lost Island Lake Palo Alto County 
Lower Gar Lake Dickinson County 
Lower Pine Lake Hardin County 
Manteno Lake Shelby County 
Mariposa Lake Jasper County 
Meadow Lake Adair County 
Meyers Lake Black Hawk County 
Mill Creek Lake O'Brien County 
Mitchell Lake Black Hawk County 
Moorehead Lake Ida County 
Mormon Trail Lake Adair County 
Nelson Park Lake Crawford County 
Nine Eagles Lake Decatur County 
North Twin Lake Calhoun County 
Oldham Lake Monona County 
Otter Creek Lake Tama County 
Ottumwa Lagoon Wapello County 
Pierce Creek Lake Page County 
Pleasant Creek Lake Linn County 
Pollmiller Park Lake Lee County 
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Prairie Rose Lake Shelby County 
Rathbun Lake Appanoose County 
Red Haw Lake Lucas County 
Red Rock Lake Marion County 
Roberts Creek Lake Marion County 
Rock Creek Lake Jasper County 
Rodgers Park Lake Benton County 
Saylorville Lake Polk County 
Silver Lake Delaware County 
Silver Lake Dickinson County 
Silver Lake Palo Alto County 
Silver Lake Worth County 
Slip Bluff Lake Decatur County 
South Prairie Lake Black Hawk County 
Spring Lake Greene County 
Springbrook Lake Guthrie County 
Storm Lake Buena Vista County 
Swan Lake Carroll County 
Thayer Lake Union County 
Three Mile Lake Union County 
Trumbull Lake Clay County 
Tuttle Lake Emmet County 
Twelve Mile Creek Lake Union County 
Union Grove Lake Tama County 
Upper Gar Lake Dickinson County 
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Upper Pine Lake Hardin County 
Viking Lake Montgomery County 
Volga Lake Fayette County 
West Okoboji Lake Dickinson County 
West Osceola Lake Clarke County 
White Oak Lake Mahaska County 
Williamson Pond Lucas County 
Willow Lake Harrison County 
Wilson Park Lake Taylor County 
Windmill Lake Taylor County 
Yellow Smoke Park Lake Crawford County 
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APPENDIX B.  STEP-BY-STEP GUIDE FOR DERIVING RUNOFF 
COEFFICIENTS FOR LAND COVER, SLOPE AND SOIL 
HYDROLOGIC GROUP EFFECT USING ARCGIS 
The process for deriving runoff coefficients of buffer zones around the lakes only and 
for the portion of the watershed excluding the riparian buffer zone involves 18 steps, as 
outlined below. 
1. The land cover layer file of the watershed is added into an ArcMAP document. 
Value 1 (water) is selected from the attribute table. 
2. In ArcToolbox, navigate to Convert Raster to Polygon tool (Conversion Tools> 
From Raster>Raster to Polygon). Enter the layer file in the Input Raster field and enter a 
convenient name (wshedname_poly) in the Output Polygon Feature field. Click OK. 
3. Deselect value 1 in the layer file and navigate to the Reclassify tool (Spatial 
Analyst Tools>Reclass>Reclassify). Enter the layer file name in the Input Raster field, leave 
Value as the Reclass Field and for the Reclassification, the New Values will reflect the mean 
values obtained from cited literature sources. It is presented here in table form 
 
Old values New values 
1 0
2 15
3 30
4 25
5 70
6 50
Enter a convenient name (Wshedname_rec) in the output raster field, press OK. 
4. Open the polygon created in step 2. Identify the polygon corresponding with the 
lake. There may be several smaller and larger polygons, if unsure, compare with the source 
file (Public_lakes.shp). Select the lake polygon with the Select Features function and right-
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click on wshed_poly file in the contents menu. Export the file to obtain a new polygon with 
only the selected feature. 
5. Navigate to multiple buffer in Toolbox (Analysis tools>Proximity>Multiple Ring 
Buffer). Enter the polygon file name created in step 4 into the Input Features field. Enter a 
convenient name (lakename_mrbuffer.shp) in the Output Feature Class field. Enter distances 
(30, 60, 120 meters) in the Distances field. Click OK. 
6. Erase the polygon of the lake from the buffer polyogon. Navigate to Erase tool 
(Analysis Tools>Overlay>Erase). Enter the lake buffer shapefile (from step 5) name in Input 
Features, and the Lake polygon shapefile (from step 4) name in Erase features. Enter a 
convenient name in the Output Feature Class field (Lakename_mrbuffer_erase). Click OK. 
The three buffers are shown as a single feature. To obtain unique values for each 
buffer, right click the file, select Properties, click the Symbology tab and select Categories, 
Add All Values. With distance in the value field, three distinct color codes should be shown 
for each buffer zone, now click OK. 
7. To analyze the proportional distribution of land cover classes in the three buffer 
zones, it is necessary to convert the shapefile containing the buffer zones into a raster. 
Navigate to Feature to Raster (Conversion Tools>To Raster>Feature to Raster). Enter the 
shapefile of the multiple buffers (from step 6) into the Input Features field, enter a convenient 
filename for Output and reset cell size to 15 meters. In Environment Settings, under General 
Settings, choose the watershed layer file as the Output Extent. Choose the same layer file as 
Cell Size in the Raster Analysis Settings. Click OK to close Environment Settings, and click 
OK for the tool to execute. 
The Count values in the attributes table of the raster file for each buffer value will be 
used in later steps to obtain runoff coefficients of the three buffer zones. 
84 
 
8. The three buffer zones need to be reclassified to obtain the runoff coefficients. This 
will involve three subsequent reclassification, one for each buffer zone, ie. for 0-30, 0-60 and 
0-120 meter buffers.  
Navigate to Reclassify in the toolbox (Spatial Analyst>Reclass>Reclassify). Enter the 
buffer raster file name (from step 7) into the Input raster field. In the Reclass field, choose 
Value and for the 0-30 meter buffer set the Reclassification table as shown below: 
 
Old values New values 
30 1 
60 2 
120 3 
No Data No Data 
 
Leave the default name for Output Raster and click OK. 
The output will be a raster file with three reclassified buffer zones, and ObjectID, 
Value (1,2 and 3) and Count columns in the attribute table. 
9. Repeat the process for the 0-60 meter buffer, with the following Reclassification 
table. 
 
Old values New values 
30 1 
60 1 
120 2 
No Data No Data 
 
The output will be a raster file with two reclassified buffer zones, and ObjectID, 
Value (1 and 2) and Count columns in the attribute table. In this file, the 30 and 60 m buffers 
are aggregated, and the count value represents the sum of the counts in these two buffers. 
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10. Repeat the process for the 0-120 meter buffer, with the following Reclassification 
table. 
Old values New values 
30 1 
60 1 
120 1 
No Data No Data 
 
The output will be a raster file with one reclassified buffer zone, and ObjectID, Value 
(1) and Count columns in the attribute table. In this file, the 30, 60 and 120 m buffers are 
aggregated, and the count value represents the sum of the counts in these three buffers. 
11. This step uses Zonal Statistics to calculate the Runoff coefficient for the three 
buffer zones. This is also repeated two more times for the three separate buffers.  
Navigate to Zonal Statistics (Spatial Analyst Tools>Zonal>Zonal Statistics). Enter the 
reclassified raster file name from the first reclassification in step 8 into the Input Raster field. 
Enter the reclassified watershed raster file (from step 3) in the Input Value Raster field. 
Leave the default file name in the Output Raster field and set Statistics type to Mean. Click 
OK. 
The attribute table of the output file has three values. The value associated with the 
count that corresponds with identical count for the first buffer zone in the attribute table of 
raster file converted in Step 7 is the runoff coefficient for the 30 meter buffer zone. 
12. Repeat step 11 to obtain the runoff coefficient using the reclassified file from step 
9.  
13. Repeat step 11 to obtain the runoff coefficient using the reclassified file from step 
10.  
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Steps 14 through 18 are used to calculate the runoff coefficient for the watershed, 
excluding the buffer zone around the lake. In this process the reclassified layer file is used. 
The buffered zone is erased from the lake watershed and the runoff coefficient is calculated 
for this part of the watershed.  
14. In ArcToolbox, navigate to Convert Raster to Polygon tool (Conversion 
Tools>From Raster>Raster to Polygon). Enter the reclassified raster file (from step 3) in the 
Input Raster field and enter a convenient name (wshed_poly) in the Output Polygon Feature 
field. Click OK. 
15. Erase the lake buffer shapefile from the converted watershed polygon.  
Navigate to Erase tool (Analysis Tools>Overlay>Erase). Enter the watershed polygon file 
name (from step 14) in the Input Features field and the buffer polygon file name (from step 
5) in the Erase Features field. Enter a convenient name in the Output Feature Class field (e.g. 
wshed_erase). Click OK. 
16. To dissolve the watershed shapefile, navigate to the Dissolve tool (Data 
Management Tools>Generalization>Dissolve). Enter the filename of the watershed (from 
step 15) in the Input Features field and click OK. 
17. To calculate the runoff coefficient for the watershed, it must be converted back to 
raster after edits. Navigate to Feature to Raster (Conversion Tools>To Raster>Feature to 
Raster). Enter the file name of the watershed shapefile (from step 15), select the variable 
Gridcode in the Field selector, and change output cell size to 15 meters. In Environment 
Settings, under General Settings, choose the watershed layer file as the Output Extent. 
Choose the same layer file as Cell Size in the Raster Analysis Settings. Click OK to close 
Environment Settings, and click OK for the tool to execute. 
18. This step uses Zonal Statistics to calculate the runoff coefficient for the 
watershed, excluding the buffer zone.  
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Navigate to Zonal Statistics (Spatial Analyst Tools>Zonal>Zonal Statistics). Enter the 
filename of the dissolved watershed (from step 16) in the Input Raster of Feature Zone Data 
field. Enter the filename of the raster file of the converted watershed that excludes the 
buffered zone (from step 17) in the Input Value Raster field. Leave the default file name in 
the Output Raster field and set Statistics type to Mean. Click OK. 
The attribute table of the output file has one row. The count represents the number of 
15x15 m grid cells in the watershed (excluding the buffer zone) and the value associated with 
the count is the runoff coefficient for the watershed. 
The process for deriving runoff coefficients of buffer zones around the lakes and 
streams as well as for the portion of the watershed excluding the buffered zone involves 20 
steps, as outlined below. It is to some extent identical with the process for deriving Runoff 
coefficients for the lake buffers, but involves the union of rasters and editing of tables. 
1. The layer file of the watershed in question is added into an ArcMAP document. 
Value 1 (water) is selected from the attribute table. 
2. In ArcToolbox, navigate to Convert Raster to Polygon tool (Conversion 
Tools>From Raster>Raster to Polygon). Enter the layer file in the Input Raster field and 
enter a convenient name (wshedname_poly) in the Output Polygon Feature field. Click OK. 
3. Deselect value 1 in the layer file and navigate to the Reclassify tool (Spatial 
Analyst Tools>Reclass>Reclassify). Enter the layer file name in the Input Raster field, leave 
Value as the Reclass Field and for the Reclassification, the New Values will reflect the mean 
values obtained from cited literature sources. The reclassification table is presented here in 
table form: 
Old values New values 
1 0
2 15
3 30
4 25
5 70
6 50
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Enter a convenient name (Wshedname_rec) in the output raster field, press OK. 
4. Import the National Hydrologic dataset. Select the stream segments that contribute 
to discharge into the lake under consideration. Right click on the NHD file in the contents 
menu, select Export and create a new line theme named Stream. 
5. Open the polygon created in step 2. Identify the polygon corresponding with the 
lake. There may be several smaller and larger polygons, if unsure, compare with the source 
file (Public_lakes.shp). Select the lake polygon with the Select Features function and right-
click on wshed_poly file in the contents menu. Export the file to obtain a new polygon with 
only the selected feature (lake polygon).  
6. Open the polygon created in step 2. Identify the polygons corresponding with other 
lakes (if any) that are intersected by any of the streams that were selected in step 4. Select the 
lake polygons with the Select Features function and right-click on wshed_poly file in the 
contents menu. Export the file to obtain a new polygon with only the selected feature (lake2 
polygon).  
7. Navigate to multiple buffer in Toolbox (Analysis tools>Proximity>Multiple Ring 
Buffer). Enter the polygon file name created in step 4 into the Input Features field. Enter a 
convenient name (lakename_mrbuffer.shp) in the Output Feature Class field. Enter distances 
(30, 60, 120 meters) in the Distances field. Click OK.  
8. Repeat step 7 for the Stream (from step 4). Enter a convenient name 
(stream_mrbuffer) and click OK. Repeat step 7 for the Lake2 (from step 6). Enter a 
convenient name (lake2_mrbuffer) and click OK. 
9. Union the multiple ring buffers of the lake, stream and lake2 (if any). Navigate to 
Union (Analysis Tools>Overlay>Union). Enter the stream and lake multiple ring buffer files 
in the Input Features field and a convenient name in the Output Feature Class field. 
10. Erase the polygon of the lake and lake2 (if any) from the lake unioned buffer 
polygon. Navigate to Erase tool (Analysis Tools>Overlay>Erase). Enter the file name of the 
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unioned buffers (from step 9) in Input Features, and the Lake polygon shapefile (from step 5) 
name in Erase features. Enter a convenient name in the Output Feature Class field 
(mrbuffer_union_erase). Click OK. 
The three buffers are shown as a single feature. To obtain unique values for each 
buffer, right click the file, select Properties, click the Symbology tab and select Categories, 
Add All Values. With distance in the value field, three distinct color codes should be shown 
for each buffer zone, now click OK. 
11. The two buffers are now merged, but it is necessary to harmonize the values of 
the overlapping areas. To do this, it is necessary to edit the attribute table of the 
Buffer_Union file. 
Open the attribute table, click Options and Add field. Create two new fields and name 
them Distance_2 and Value respectively. The values for column Distance_2 will be based on 
a comparison of the values (0, 30, 60, 120) in columns Distance and Distance_1. Compare 
the values in these columns in each row. If one of the values is 0 (zero), enter the larger value 
in column Distance_2. In all other cases enter the smaller of the two. In the Value column, 
enter a value of 1 of Distance_2 is 30, 2 for 60 and 3 for 120. For questions on editing 
attribute tables, use the Help function. 
Right click on the Buffer_Union file in the contents and select Properties. Click the 
Symbology tab, in choose Categories>Unique vales and select distance_2 in the Value Field. 
12. To analyze the proportional distribution of land cover classes in the three buffer 
zones, it is necessary to convert the Buffer_Union shapefile into a raster dataset. Navigate to 
Feature to Raster (Conversion Tools>To Raster>Feature to Raster). Enter the file name of the 
Buffer_Union (from step 11) into the Input Features field, enter a convenient filename for 
Output and reset cell size to 15 meters. In Environment Settings, under General Settings, 
choose the watershed layer file as the Output Extent. Choose the same layer file as Cell Size 
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in the Raster Analysis Settings. Click OK to close Environment Settings, and click OK for 
the tool to execute. 
The Count values in the attributes table of the raster file for each buffer value will be 
used in later steps to obtain runoff coefficients of the three buffer zones. 
13. The three buffer zones need to be reclassified to obtain the runoff coefficients. 
This will involve three subsequent reclassification, one for each buffer zone, ie. for 0-30, 0-
60 and 0-120 meter buffers. This process is identical to the one used above and will not be 
repeated here. 
The output will be 3 raster files with reclassified buffer zones, and ObjectID, Value 
and Count columns in the attribute table. In these file, the buffers are shown the count value 
represents the sum of the counts in the corresponding buffers. 
14. This step uses Zonal Statistics to calculate the runoff coefficients for the three 
buffer zones. This is also repeated three times for the three separate buffers.  
Navigate to Zonal Statistics (Spatial Analyst Tools>Zonal>Zonal Statistics). Enter the 
reclassified raster file name from the first reclassification into the Input Raster field. Enter 
the reclassified watershed raster file in the Input Value Raster field. Leave the default file 
name in the Output Raster field and set Statistics type to Mean. Click OK. 
The attribute table of the output file has three values. The value associated with the 
count that corresponds with identical count for the first buffer zone in the attribute table of 
raster file converted in a previous step is the Runoff coefficient  for the 30 meter buffer zone. 
Repeat step to obtain the Runoff coefficient using the other two reclassified files.  
15. Erase the wshed_mrbuffer_union shapefile from the converted watershed 
polygon.  
Navigate to Erase tool (Analysis Tools>Overlay>Erase). Enter the watershed polygon 
file name in the Input Features field and the unioned buffer polygon file name in the Erase 
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Features field. Enter a convenient name in the Output Feature Class field (e.g. stream_erase). 
Click OK. 
16. To dissolve the watershed shapefile, navigate to the Dissolve tool (Data 
Management Tools>Generalization>Dissolve). Enter the filename of the watershed (from 
step 15) in the Input Features field and click OK. 
17. To calculate the runoff coefficient for the watershed, it must be converted back to 
raster after edits. Navigate to Feature to Raster (Conversion Tools>To Raster>Feature to 
Raster). Enter the file name of the watershed shapefile (from step 15), select the variable 
Gridcode in the Field selector, and change output cell size to 15 meters. In Environment 
Settings, under General Settings, choose the watershed layer file as the Output Extent. 
Choose the same layer file as Cell Size in the Raster Analysis Settings. Click OK to close 
Environment Settings, and click OK for the tool to execute. 
18. This step uses Zonal Statistics to calculate the runoff coefficient for the 
watershed, excluding the buffer zone.  
Navigate to Zonal Statistics (Spatial Analyst Tools>Zonal>Zonal Statistics). Enter the 
filename of the dissolved watershed (from step 16) in the Input Raster of Feature Zone Data 
field. Enter the filename of the raster file of the converted watershed that excludes the 
buffered zone (from step 17) in the Input Value Raster field. Leave the default file name in 
the Output Raster field and set Statistics type to Mean. Click OK. 
The attribute table of the output file has one row. The count represents the number of 
15x15 m grids in the watershed (excluding the buffer zone) and the value associated with the 
count is the runoff coefficient for the watershed. 
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APPENDIX C.  ILLUSTRATION 
This illustration presents the steps of spatial analysis for calculating cover factor 
coefficients. Maps of Lake Icaria watershed are used to illustrate the steps. Figure 1 is a map 
of Adams county, Iowa and neighboring counties. Lake Icaria watershed is located south- 
west of Des Moines, about half-way between the state capital and the SW corner of the state. 
 
Legend for land cover classes: 
1. Water 
2. Forest 
3. Grassland 
4. Agricultural land 
5. Urban/residential 
6. Unclassified 
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Figures 2 - 5 illustrate map outputs of cover factor coefficients calculated for land cover  
 
Figure 2. Cover factor coefficients for 3 buffers around lake (30m, 60, 120m) 
 
Figure 3. Cover factor coefficients for the whole watershed outside the 120 meter buffer 
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Figure 4. Cover factor coefficients for 3 buffer distances around lake and streams 
 
Figure 5. Cover factor coefficients for the whole watershed outside the 120 m buffer 
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Figures 6-7 illustrate map outputs that were used for calculating cover factor coefficients for 
slope  
 
Figure 6. Cover factor coefficients in 3 buffers around surface water bodies  
 
Figure 7. Cover factor coefficients in whole watershed outside the 120 m buffer 
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Table 1. Mean cover factor coefficients for land cover effect in Lake Icaria watershed 
 
30 m LC 60 m LC 120 m LC Wshed
Lake 27.29 27.21 27.16 28.17 
Lake and 
stream 
28.06 28.51 28.29 28.21 
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APPENDIX D.  WATERSHED DELINEATION EXAMPLE 
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APPENDIX E.  DATA SOURCES 
 
GIS Data: 
http://www.gis.iastate.edu/pcdata.htm
ftp://ftp.gis.iastate.edu/
Polygons: 
Public Lakes ftp://ftp.gis.iastate.edu/IowaDNR/IA_State/Hydrologic/Surface_Waters/
Public Lakes Watersheds 
ftp://ftp.gis.iastate.edu/IowaDNR/IA_State/Hydrologic/Surface_Waters/
National Hydrologic Datased (NHD) ftp://ftp.gis.iastate.edu/ISUGIS/IRIS/
Stream order ftp://ftp.gis.iastate.edu/IowaDNR/IA_State/Hydrologic/Surface_Waters/
HUC8 http://datagateway.nrcs.usda.gov/
HUC10 http://datagateway.nrcs.usda.gov/
Raster files: 
Land Cover 2002 
ftp://ftp.gis.iastate.edu/IowaDNR/IA_State/Land_Description/Land_Cover/Land_Cover_200
2/
DEM ftp://ftp.gis.iastate.edu/IowaDNR/IA_State/Elevation/NED/ned_ft_i/
Elevation ftp://ftp.gis.iastate.edu/IowaDNR/IA_State/Elevation/NED/pcnt_slope_i/
Soils ftp://ftp.gis.iastate.edu/IowaDNR/IA_State/Geologic/Soils/
Iowa lakes information system and other resources are maintained at: 
http://limnology.eeob.iastate.edu
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http://limnology.eeob.iastate.edu/lakereport/
http://limnoweb.eeob.iastate.edu/Limnoinformatics/
http://limnology.eeob.iastate.edu/lakereport/fishhome.aspx
Economics information from lakes research: 
http://www.card.iastate.edu/environment/items/IowaLakesReport.pdf
Cover factor coefficients for land cover: 
http://www.lmnoeng.com/Hydrology/TimeConc.htm
Slope data: 
http://wqmodel.cfe.cornell.edu/modeldevelopment.htm
http://extension.agron.iastate.edu/soils/pdfs/ISP71MAN.pdf
Soils data: 
http://pasture.ecn.purdue.edu/~abe526/resources1/Runoff/C_table.html
http://extension.agron.iastate.edu/soils/pdfs/ISP71MAN.pdf
Fragstats metrics: 
(http://www.umass.edu/landeco/research/ fragstats/fragstats.html) 
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APPENDIX F.  THE RATIONAL METHOD FORMULA 
 
The rational method of predicting a design peak runoff rate is expressed by the equation: 
 q = CiA  
where 
 q = the design peak runoff rate in cfs, 
 C = the runoff coefficient, 
i = rainfall intensity in inches/hour for the design return period and  
for a duration equal to the “time of concentration” of the 
watershed, and 
 A = the watershed area in acres. 
 
The time of concentration of a watershed is the time required for water to flow from 
the most remote (in time of flow) point to the outlet once the soil has become saturated and 
minor depressions filled.  It is assumed that, when the duration of a storm equals the time of 
concentration, all parts of the watershed are contributing simultaneously to the discharge at 
the outlet. The rational method is recognized to have a number of weaknesses, discussed in 
detail in the Limitations section below. For the purpose of this study, only the cover factor is 
used, not the entire rational formula. The cover factor is used as a relative measure for 
comparative purposes to compare the runoff coefficients in the riparian buffer zones and the 
non-riparian areas in the watershed. 
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APPENDIX G.  DISTRIBUTION OF STUDY LAKES ACCORDING TO 
IOWA LAND FORM REGIONS 
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APPENDIX H.  DEPENDENT VARIABLES 
Lake_ID Lake_Name SD(m) CHL(ug\L) TP(ug\L) TN(mg\L)
001 Arbor Lake 0.55 88.51 190.71 1.41
002 Arrowhead Pond (Pottawattamie) 0.90 137.84 197.18 2.08
003 Arrowhead Lake (Sac) 3.63 6.26 25.76 0.78
004 Avenue of the Saints Lake 0.55 49.69 118.61 1.13
005 Badger Creek Lake 0.60 62.27 289.68 1.50
006 Badger Lake 0.72 84.76 100.29 12.24
007 Beaver Lake 1.20 36.53 66.09 1.51
008 Beeds Lake 1.32 30.12 57.57 8.73
009 Big Creek Lake 2.83 17.37 30.95 6.02
010 Big Spirit Lake 1.87 8.31 44.32 0.95
011 Black Hawk Lake 0.93 30.43 193.04 1.92
012 Blue Lake 0.40 31.37 73.01 0.90
013 Bob White Lake 0.22 9.54 165.31 3.13
014 Briggs Woods Lake 2.50 20.12 32.11 13.37
015 Browns Lake 0.63 26.08 74.88 1.19
016 Brushy Creek Lake 2.53 10.00 22.53 11.74
017 Carter Lake 0.22 173.20 213.12 1.66
018 Casey Lake (aka Hickory Hills Lake) 1.40 38.54 263.99 1.59
019 Center Lake 0.80 29.03 89.99 2.03
020 Central Park Lake 0.75 44.75 101.28 1.40
021 Clear Lake 0.75 30.23 61.90 1.22
022 Cold Springs Lake 0.72 30.55 51.65 1.00
023 Coralville Reservoir 0.75 17.07 204.24 6.08
024 Crawford Creek Impoundment 1.28 10.95 59.35 1.00
025 Crystal Lake 0.23 96.55 287.05 1.61
026 Dale Maffitt Reservoir 3.00 2.78 17.10 0.56
028 DeSoto Bend Lake 0.78 23.67 80.85 0.95
029 Diamond Lake 0.90 26.73 97.32 1.30
030 Dog Creek Lake 0.65 44.74 124.08 1.40
031 Don Williams Lake 2.50 11.91 50.01 11.40
032 East Lake (Osceola) 0.40 66.24 224.39 1.54
033 East Okoboji Lake 0.92 19.01 65.68 1.03
034 Easter Lake 0.60 56.51 76.42 0.96
035 Eldred Sherwood Lake 0.88 95.00 79.83 9.31
036 Five Island Lake 0.55 32.05 90.86 1.79
037 Fogle Lake 1.15 24.09 49.82 0.85
038 George Wyth Lake 1.07 16.69 50.01 1.11
039 Green Belt Lake 0.97 14.83 40.00 0.88
040 Green Castle Lake 3.12 4.62 23.97 0.60
041 Green Valley Lake 1.60 89.13 137.18 1.76
042 Greenfield Lake 1.18 15.18 141.46 1.05
043 Hannen Lake 1.32 16.88 226.82 1.23
044 Hawthorn Lake (Barnes City Lake) 0.85 45.71 48.22 1.16
046 Hooper Area Pond 1.40 32.77 71.78 0.89
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Lake_ID Lake_Name SD(m) CHL(ug\L) TP(ug\L) TN(mg\L)
047 Indian Lake 0.82 111.17 165.88 1.47
048 Ingham Lake 0.38 86.00 100.73 2.29
049 Kent Park Lake 1.18 14.72 57.17 0.77
051 Lake Ahquabi 1.82 30.57 55.38 0.87
052 Lake Anita 0.80 55.07 59.65 1.16
053 Lake Cornelia 0.63 26.83 62.16 1.27
054 Lake Darling 0.28 33.01 226.04 3.97
055 Lake Geode 2.48 6.66 23.11 4.07
056 Lake Hendricks 0.87 68.23 132.48 1.49
057 Lake Icaria 1.13 19.08 46.39 1.49
058 Lake Iowa 1.12 20.90 58.94 1.12
059 Lake Keomah 0.75 66.83 106.65 1.26
060 Lake Manawa 0.45 58.94 99.17 1.19
061 Lake Macbride 1.93 9.65 35.15 1.60
062 Lake Meyer 1.73 13.36 64.68 1.25
063 Lake Miami 0.77 37.18 106.23 1.20
064 Lake Minnewashta 0.68 37.11 72.81 1.20
065 Lake of the Hills 0.62 36.57 76.98 1.25
066 Lake of Three Fires 0.63 37.93 151.12 0.96
067 Lake Orient 0.48 58.38 275.62 2.60
068 Lake Pahoja 1.38 34.58 58.79 4.66
069 Lake Smith 1.67 27.97 266.94 1.57
070 Lake Sugema 0.75 36.68 51.62 0.96
071 Lake Wapello 0.93 19.72 104.15 0.97
072 Little River Watershed Lake 1.20 19.32 35.14 1.02
073 Little Sioux Park Lake 2.88 30.41 27.76 0.74
074 Little Spirit Lake 0.58 49.65 241.26 2.46
075 Little Wall Lake 0.45 28.44 81.01 2.52
076 Littlefield Lake 0.42 85.58 158.42 1.43
077 Lost Island Lake 0.30 38.50 100.90 1.68
078 Lower Gar Lake 0.35 37.89 189.03 1.70
079 Lower Pine Lake 0.45 112.61 172.31 2.30
080 Manteno Park Pond 1.87 13.96 55.28 0.83
081 Mariposa Lake 0.28 91.44 174.01 1.36
082 Meadow Lake 1.48 25.20 161.34 1.11
083 Meyers Lake 2.62 4.91 100.86 0.86
084 Mill Creek Lake 0.73 48.58 65.75 2.16
085 Mitchell Lake 0.77 19.69 48.56 1.08
086 Moorehead Park Pond 2.42 8.26 38.99 0.86
087 Mormon Trail Lake 2.17 3.95 22.86 0.64
088 Nelson Park Lake 1.53 26.50 44.63 1.32
089 Nine Eagles Lake 1.65 3.30 21.73 0.93
090 North Twin Lake 1.60 28.23 60.82 1.47
091 Oldham Lake 1.32 15.34 47.05 0.78
092 Otter Creek Lake 1.27 25.14 135.27 1.24
094 Pierce Creek Lake 0.48 127.19 107.55 1.19
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Lake_ID Lake_Name SD(m) CHL(ug\L) TP(ug\L) TN(mg\L)
095 Pleasant Creek Lake 4.27 5.65 49.24 0.84
096 Poll Miller Park Lake 1.62 23.94 36.25 0.93
097 Prairie Rose Lake 0.70 59.09 70.20 1.17
098 Rathbun Reservoir 0.90 6.55 43.87 1.10
099 Red Haw Lake 0.83 29.80 41.30 1.03
100 Red Rock Reservoir 1.47 10.22 99.44 9.34
101 Roberts Creek Lake 0.50 35.93 89.08 1.43
102 Rock Creek Lake 0.68 26.81 56.90 3.34
103 Rodgers Park Lake 1.38 26.57 198.12 3.23
104 Saylorville Reservoir 0.70 7.07 100.50 8.87
105 Silver Lake (Dickinson) 0.30 9.39 113.18 1.77
106 Silver Lake (Worth) 0.23 64.01 196.97 1.98
107 Silver Lake (Delaware) 0.23 176.97 246.14 2.68
108 Silver Lake (Palo Alto) 0.22 145.07 275.94 2.11
109 Slip Bluff Lake 1.60 2.45 20.76 0.55
110 South Prairie Lake 2.52 6.67 33.04 0.60
111 Spring Lake 0.38 18.67 54.36 1.02
112 Springbrook Lake 2.58 12.24 33.47 0.84
113 Storm Lake (incl Little Storm Lake) 0.52 19.32 89.16 1.32
114 Swan Lake 0.17 81.45 327.35 1.68
115 Thayer Lake 0.40 17.95 83.41 1.16
116 Three Mile Lake 2.10 8.51 48.02 1.00
117 Trumbull Lake 0.09 182.92 452.55 5.06
118 Tuttle Lake 0.18 121.48 310.54 2.46
119 Twelve Mile Creek Lake 1.55 23.25 50.83 1.34
120 Union Grove Lake 0.38 50.66 137.13 2.42
121 Upper Gar Lake 0.63 33.71 72.09 1.19
122 Upper Pine Lake 1.10 71.36 73.18 4.78
123 Viking Lake 0.83 47.99 57.43 0.84
124 Volga Lake 0.88 52.07 80.93 1.85
125 West Okoboji Lake 5.67 2.63 21.28 0.86
126 West Lake (Osceola) 1.02 22.32 78.68 1.16
127 White Oak Lake 0.73 41.26 115.78 1.21
128 Williamson Pond 0.53 28.31 162.01 2.23
129 Willow Lake 2.62 2.79 21.97 0.65
130 Wilson Park Lake 1.27 27.45 64.29 1.18
131 Windmill Lake 1.13 130.97 109.03 1.94
132 Yellow Smoke Park Lake 3.43 8.62 36.27 0.69
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APPENDIX I.  LIMITATIONS 
This appendix provides information about assumptions made in connection with 
methods used in this study. Although these assumptions are not necessarily limitations, it is 
considered prudent to present and discuss these. 
With regard to use of the rational method, it is important to note the weaknesses, 
which are recognized in light of modern knowledge of runoff mechanics. It is an 
oversimplification of a complicated process, nevertheless the method is considered 
sufficiently accurate for runoff estimation. The rational method is developed from the 
assumptions that: (1) rainfall occurs at uniform intensity for a duration at least equal to the 
time of concentration of the watershed, and (2) rainfall occurs at a uniform intensity over the 
entire area of the watershed. For the purpose of this study, only the cover factor is used, not 
the entire rational formula. The cover factor is used as a relative measure for comparative 
purposes to compare runoff coefficients within the watershed. 
With regard to calculating runoff coefficients for slope effect, the use of ISPAID Soil 
Map Units was augmented with an adaptation of slope effect coefficients used in a study at 
Cornell University. There are two slight differences between the slope class cutoff values of 
the ISPAID recommendation and the Cornell study slopes, the latter used 2-8% and 8-15% 
values whereas under ISPAID classification, SMU slope “C” is 5-9% and slope “D” is 9-
14%. The slope values were adjusted according to ISPAID and for the purpose of the study, 
the 1% difference in slope was not taken into account (personal communication, Lee Burras) 
in slope effect coefficients. 
Three of the watersheds have not been processed entirely due to lack of adequate 
computing capabilities. The size of the raster datasets for the watersheds of Coralville 
Reservoir, Saylorville Reservoir and Red Rock Reservoir did not allow runoff coefficients to 
be calculated for slope and soil effect. 
